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FOREWORD

Established in 1880, ASME is a professional not-for-profit organization with more than 100,000
members promoting the art, science, and practice of mechanical and multidisciplinary engineering and
allied sciences. ASME develops codes and standards that enhance public safety, and ASME provides
lifelong learning and technical exchange opportunities benefiting the engineering and technology
community. Visit www.asme.org for more information.

ASME ST-LLC is a not-for-profit limited liability company, with ASME as the sole membersforned
in 2004 to carry out work related to new and developing technologies. ASME ST-LLC}s)mission
includes meeting the needs of industry and government by providing new standards-related products
and services, which advance the application of emerging and newly commercialized science |and
technology and provides the research and technology development needed to establish and mainjtain
the technical relevance of codes and standards. Visit http://asmestllc.org/ for more information.
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1 HISTORY

1.1  ASME History

ASME has been around for more than 140 years, starting with the first meeting in the spring of 1880
in New York. As ASME was born during the industrial revolution, the meeting was largely attended

by prominent industrialists of the time. The intention was to provide a forum for discussion

and

collaboration to better serve the needs of engineers and designers. The history of ASME cannot be

are boiler explosions and the need for standardization. Safety and standardization are stil
vision and mission for ASME. ('1/
The industrial revolution was made possible by the application of steam power as an enefgy sourc

fact, the advent of steam power quickly became the industrializing nations' domina er source
example, the use of steam power increased from just 5% to 80% of the total powﬁgu he United S

appreciated without mentioning some ot the consequences from the industrial revolution, two ogw

80% of the world’s electricity.

pressures. The use of steam to drive machinery was discovered to be a vast improvement over eXis
water mills, windmills, and even beast-of-burden power. How, vér) early boilers from this pg
commonly suffered from catastrophic failures (i.e., explosion@ ainly due to poor materials,
design, and poor maintenance. Q

The earliest boilers were made of small wrought iro es that were riveted together, but g
materials such as copper were also commonly used. Quality improved with the use of rolled steel pl
but construction consisted of gusseted or slip-joint d%}gns with rivets (see Figure 1-1). Acetylene
not discovered until 1836, and “conventional We$ing,” as it is presently known, was not devel
until 1881. Repairs made to boilers were left u&@ “best practice,” which meant there were no stand
of methods or quality. \O

Figure 1-1:,P€\)&od Repai

r Work on a Riveted Seam

Rt T s B

over a 20-year span in the mid-1800’s. Today, steam energy (i.e., steam-driv% rbines) still supplies

When water converts to steam it expands ~1600 times in volume, $can generate enornjous
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In 1865, a boiler explosion on the Steamship Sultana (shown in Figure 1-2) resulted in 1,500 to 1,800
casualties, representing the single largest loss of life due to a boiler explosion in U.S. history. The exact
number of fatalities is unknown, but it is known that one of the four boilers on the ship had a recent
repair. A resulting over-pressure situation caused that boiler to explode, triggering two other boilers to
explode at the same time. In spite of incremental improvements to boiler design and manufacture, 1,900
separate boiler explosions were recorded between 1898 and 1903, resulting in the deaths of 1,200
people in the U.S. alone.

Figure 1-2: The Steamship Sultana

Library of Congress, Prints & Photographs Division, Ci@ War Photographs, LC-DIG-ppmsca-34001

b

Figure 1-3: Policemzﬂ&ext to Another Failed Boiler
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The manufacturing of boilers did improve over time, but equally significant was when the
standardization of operating and maintaining boilers finally came to acceptance. A notable boiler
explosion that helped facilitate standardization occurred at the Grover Shoe factory in Brockton,
Massachusetts. In 1905, a boiler explosion killed 58 people and injured 150, leveling the building (see
Figure 1-4). The public, insurance companies, and politicians were fed up with the regularity at which
such explosions occurred. A new governor demanded prompt action, and in 1907 a common set of rules
requiring inspection, maintenance, and safe operation was written into Massachusetts law. Ohio
followed suit in 1911. These laws would influence, and eventually become, the first ASME Boiler

R | Lliclkad 10145
OuC PpaoTsnCta T 17 TO7

Figure 1-4: The Before and After of the Grover Shoe Factory in Brockton, Massachusetts
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Standardization of components and fittings acféss an industry was another need that sprang from
catastrophes of the era. The great Baltimore fire of 1904 exemplified the need for standardization. When
regional firefighters arrived from Philadelphia, Washington D.C., New York, and other surrounfling
areas to help battle the blaze, there.was' little they could do because their hoses were of a diffgrent
manufacture and could not couple to the hydrants in the city. At that time, no national standards existed
for firefighting equipment. Thus, the necessity of standardization came to light and continues to b¢ the
cornerstone of ASME.

The need for standardization of materials, construction methods, maintenance, inspection, and repairs
has only grown across.eur global economy and touches almost every aspect of our lives. From the first
published boiler codeto the over 600 current ASME Codes and Standards, the members of ASME have
strived to imprevessafety, conformance, and communication. Stakeholders, including manufactufers,
end users, enginreers, governments, and suppliers, work together to ensure the Codes and Standards|will
assure the safest possible outcomes.

1.2 ASME and FMC

[n\2013, Applus RTD came to an ASME Code Week meeting to demonstrate some of their jnew
equipment. The system looked like a fully automated phased array system, but the difference became
evident as the data were collected. The system generated a real-time three-dimensional (3D) view of a
welded large-bore pipe using Inverse Wave Extrapolation (IWEX), which is one of several processing
forms for Full Matrix Capture (FMC). The system was not very fast, but the process it used and the
amount of data it processed to generate the real-time 3D images were impressive. A screen shot from
the IWEX system is shown in Figure 1-5.
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Figure 1-5: Static Screen Shot from the Applus IWEX System

Image Courtesy of APPLUS

ASME took note and having passed the rules for phased array a couple of years prior, they

began showing up to the Code Week meetings and joined the Working Group Ultrasonic Testing
meetings. This is the committee.that is responsible for ASME BPVC Section V - 2019, Article 4.

Because the committee was focused almost entirely on phased array, a decision was made to ¢
another committee dedicated to advanced UT. This new committee would be dedicated only to the
for phased array and time of flight diffraction (ToFD). Since FMC was also an advanced technique
people who came to-the meetings specifically for FMC also joined the committee.

Splitting up the meetings and creating a new committee alleviated the demands of the Working Gr
and more foeus was given to the advanced techniques. Still, with all the work concentrated on ph
array, littlestime was allotted for FMC. In spite of this, some writing was produced to form up

FMC instrument had just been released to the industry, and interest in FMC from Code users

VEre

interested in the technology and what.itwould bring to the future. A small handful of FMC speciqlists

UT)

cate
les
the

pup,
hsed
vhat

FMC should look like, and interest in the subject was gaining momentum. Also at this time, a portable

'was

increasing.

By the late fall of 2016, interest in FMC had increased dramatically, as well as the associated increased
attendance at the committee meetings. To address the situation, ASME again decided to split the
Advanced UT committee, and the Task Group for FMC was formed as an official committee. With the

full support of ASME and a group of extremely dedicated and knowledgeable people, work began.
first dedicated meeting took place in February 2017.

The

The publication deadline for the 2017 edition of the Code had just passed, so a full two years remained
until the next publication cycle, which would translate to about 1.5 years for work to be accomplished.
It was decided from the beginning that the 2019 edition would be the goal for publication. To achieve
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this, the group had to work fast. Attendance fluctuated but generally hovered around 20 people, with
as many as 40 interested parties and visitors in attendance. The committee was a well-rounded group
of representatives from instrument manufacturers, fossil fuel interests, academics, service providers,
utility companies, research labs, and practitioners, to name a few.

To achieve the goal of a 2019 publication, the committee adopted the use of E-meeting platforms. This
approach enabled them to hold interim meetings between the usual Code Week meetings, allowing the
committee to meet twice as often. In fact, all in-person meetings were accompanied by an E-meeting,
which enabled the committee to reach out further and engage with international members. Also, live
[demonstrations of various FMC equipment and processes were held during in-person meetjngs,
stimulating interest and comments. These approaches were not standard protocol for ASME at the-tjme,
but they produced results and gained ASME support.

he committee also had the advantage of the previous work on phased array and learned‘from sonje of
he mistakes. One lesson learned was that the FMC Committee needed to provide mere than just rfiles,
but some guidance for the user. Consequently, not only were the rules of Mandatory Appendix XI
ritten, but Nonmandatory Appendix F was also offered to provide background information.

riting either of the two appendices within the short timeframe would normally be considerefl an
accomplishment. However, finishing both appendices before the 2019 deadline is a testament tq the
knowledge and dedication of the people who were part of the FMC task group, many of whom contjnue
as members to write this manual.

3 History of FMC and TFM

he full matrix referred to in Full Matrix Capture (FMC)rconsists of data from all transmit-receive
clement combinations and represents all information that could theoretically be collected with an grray
ransducer. This information, once collected, is available for processing with many different algoritlhms.
he Total Focusing Method (TFM) has emergedias the most intuitive and most common algor{thm
sed. In this section, the history of development of these techniques in nondestructive testing (NIDT)
ill be reviewed.

he first use of array transducers in NDT dates to 1968, just one year after the first prototype sygtem
as built for medical purposes (McNab and Campbell, 1987). These systems were used to creatg an
Itrasonic beam, essentially emulating a monolithic transducer. This type of measurement typigally
presents a B-scan image to mimic the mechanical scanning of a single-eclement transducer. Howgver,
much more information beyond that of a single element transducer is available when other ultraspnic
paths though the material are also considered. For example, the transmitting and receiving locations do
not have to be the samme:

Both FMC and TEM were developed independently in several places. Using these ideas for practical
purposes became” possible only in the early 2000s due to electronics advancements. It is [also

nsurprising that their development was virtually simultaneous. In preparation of this chapter, the qarly
mplemeriters were contacted, and the early intentions, victories, and setbacks were discussed.

[n the UK, seminal work was performed in the group led by Paul Wilcox and Bruce Drinkwatg¢r at
Bristol University and the group steered by Peter Cawley at Imperial College. FMC had been usqd in

he PhD work of Pa Nilcox QOR) at Imperia allege l:.l“ Ill.:l‘ aCQ i ansduicer
(EMAT) circular array for generating Lamb waves in large structures, aimed at condition monitoring.
At Bristol university, this practice was extended to more common piezoelectric arrays and eventually
resulted in what is considered as the seminal paper on TFM (Holmes, 2005).

In Germany, the ideas for FMC and TFM were first presented for NDT by the group of Karl-Joerg
Langenberg at Kassel university in the 1990s, using a crossover between NDT and geophysics.
Development of a system was performed at Fraunhofer Institute for Nondestructive Testing (IZFP) in
Saarbrucken with important contributions from Andrey Bulavinov and Krishnan Mohan Reddy. Here,
the first application used EMAT transducers to generate Lamb Waves for inspection of coated pipes
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(Bulavinov et al. 2002). In 2004, the research was extended to common transducers, resulting in a
Sampling Phased Array (Von Bernus et al. 2006).

In the Netherlands, the ideas of FMC and TFM were first presented by Maarten Lorenz in 1993, again
with a strong link to geophysics. These ideas were used by Delft University of Technology and RTD,
to develop the IWEX algorithm. The first application was testing of pipeline girth welds (Portzgen,
2004). Eventually, IWEX was the first implementation of FMC to be commercially offered as a service
and formally qualified as an inspection solution (Van der Ent et al. 2017).

In France, the developments were picked up in a joint industry program originating at CEA. This
program resulted in two companies, M2M and TPAC, offering early field-deployable equipment.|The
M2M Gekko was the first commercially available system to perform real-time TFM.

The first bottleneck encountered with FMC was that most array controllers were multiplexed (npany
still are) and not all array elements are available simultaneously. A group of active’elements is
multiplexed over a large set of elements, e.g., 16 active elements on a 64-clement afray. The practical
implication is that to collect a full matrix, each element must be fired several times. In the absende of
dedicated driver software, even the allocation of each element in the matrix may need to be done
individually, leading to very time-consuming data collection. For this reason, FMC needed a new
ceneration of equipment, which reached the market around 2014.

The second bottleneck was the lack of computer power for processing the amount of data in af full
matrix. It was realized very early that for field deployable NDT, a real time image would be needdd to
compete with conventional ultrasonic phased array systems{ Commercial electronics offered [two
different solutions, a field programmable gate array (FPGAY) (field programmable gate array) for a
oraphics processing unit (GPU) (graphics processing unit);both using parallel computing. The relgase
of the GeForce 8800 series graphics cards in May 2007 offered massive parallel computing for garhing
but also found immediate application to FMC.

Finally, it is important to mention that, as with-many other NDT techniques, FMC and TFM yvere
initially thought to be a magic solution to everything. The idea is alluring that technology exists td use
diffraction signals to generate real-time tomography by the TFM algorithm, but it is not practigally
feasible currently. FMC/TFM is still anwiltrasonic technique and adheres to the laws and limitations of
physics. The early implementers encountered this after being asked to first solve inspection problems
for which no solution yet existed~Examples of this were the testing of castings, for which dther
ultrasonic techniques were unsuccessful, and the testing of components with very challenging
ceometries made with additive manufacturing. Obviously, this slowed acceptance of a new technology
like FMC/TFM, as solving.these “impossible” problems was naturally more difficult. Consequent]y, a
lot of time and energy.was wasted, generating a high possibility of disappointment.

The initial excitement about the technology and high expectations about the possible indugtrial
breakthrough of'quantitative 3D imaging have also been tempered by the very conservative and indrtial
market. It is~khown from literature that NDT is one of the slowest industrial activities to innovate

Wassinks-2012). It is the impression of the early researchers contacted for this book that, after all these
years, @nly part of the possibilities of FMC/TFM are used.

1:4~" Equivalence of Early Developments

It has been shown that the early developments in FMC/TFM are equivalent, except for the way the
amplitude information is processed (Wilcox, 2012). The phase information is the same in all cases and
results from the path taken by the ultrasound from transmitter to target to receiver. In the amplitude
weighing, several assumptions may be made on the ultrasonic wave propagation and characteristics of
scatterers. These differences will be further explained in the theoretical parts of this book. At this point
it is sufficient to state that the early implementers consider the differences to be small. [1] — [8]
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2 FMC-TFM

2.1  Full Matrix Capture (FMC)

FMC is a data-acquisition process. Each array element is sequentially used as a single emitter and all
array elements are used as receivers, creating a matrix of A-scan data. FMC has the advantage of being
able to acquire all possible interactions between every pulsing and receiving element, enabling multiple
ways of reconstructing images.

2.1.1 Principle for Firing and Data Collection
FMC consists in capturing and recording A-scan signals from every transmitter-receiver-pait’ ir] the
array:
Fach element of the aperture is pulsed (fired), in sequence, one by one. For every element pulsed, ¢ach
receiving element collects an individual waveform.

The name Full Matrix Capture originates from the fact that it is possible to conceptualize every acqyired
waveform in a matrix shape. Pulsing elements are rows and receiving elements are columns. Sukch a
data acquisition matrix is sometimes referred to as an FMC frame.

Figure 2-1: Firing Pattern and Resulting Matrix for FMC
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Image Courtesy of Eddyfi Technologies

From the individual waveform signals gathered (A-scans) during the FMC process, it is possible to
oenerate imaging for improved algorithms such as Total Focusing Method (TFM).

2.1.2«.\FMC Signal Characteristics

Elenientary waveforms gathered by the FMC function are usually not designed to be used |and
interpreted by a human directly. While using every available signal from an FMC frame enables a
computer (or device) to generate interesting images, a single individual elementary waveform is not
very useful.

In some respects, FMC data is similar to Magnetic Resonance Imaging (MRI) used in the medical field.
In both cases, numerous smaller pieces of information are collected, yet individually they are difficult
to use. However, a computer can assemble them in collaboration to generate an image.

The difficulty in interpreting a raw FMC signal directly is usually due to the physics with which the
method was used to collect it. Each of the elements are fired individually, resulting in a very wide and
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non-focused beam which covers a large portion of the component under inspection. Interaction with
every potential flaw, geometry, or other reflector, sends a signal back to multiple receiving elements,
which then, in turn, will collect all the information into a single elementary signal (A-scan). The

produced elementary A-scan from a single pulsing-receiving element pair includes echoes for every
single reflector, without any notion of location or angle.

Additionally, elementary A-scan signals gathered by FMC will have similar characteristics. This
enables them to be used later for image creation.

FMC data is always collected in RF mode. No rectification can be used because the image
reconstruction algorithm requires phase information to compute constructive and destrug
interference (summation).
The digitizing frequency is usually high, generally at or above 100 MHz Sample resolutién is cricial
for proper delay forming during image reconstruction. For this same reason, the signal is‘also typid
not compressed.

High amplitude fidelity and very low noise is required because the signal from individual elementg
be very weak.

tive

ally

can

No smoothing is used. Smoothing is done only on a rectified signal, whichtis.fiot possible on th¢ RF
clementary waveform.

2.1.3 Typical FMC Signal Explained

Table 2-1: Breakdown of the FMC signal data as represented on images

This is an example of a 16-element probe ahd
the raw FMC data that is displayed on thg
acquisition device’s display screen. This
information is not useful in this form withgut
the underlying explanations of what the
colored marks mean.

b
\::*: i S In the hinh]ighfpr] rgd_;ggt&n_g_l,@j_th@_ﬁ%u_py
1:» ! H-Qj shows element 1 firing; receiving is then
s g e performed on elements 1 to 16.
T
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In the red area, now element 2 is firing;
receiving with elements 1 to 16.
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Here the red are
receiving with e nts 1 to 16 (elements 3
15 have als@o e through this sequence)

s element 16 firing;

o

-+

(0}

The red area demonstrates the initial bang
from the probe onto the wedge.

This is the signal inside the wedge,
demonstrating the interface between the
wedge and the component (or material).
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data used by TFM for image construction

This is the signal inside the component or
material. This red area represents the actual

Courtesy of Eddyfi Technologies

2.1.4 Alternative Firing and Data Collection Methods

2.1.4.1 Half Matrix Capture

HMC is a variation of the FMC method that voluntarily drops somé of the collected elementary
Scans, to achieve greater imaging speed and reduce the file size ef collected raw data.

With FMC, all elements are used to pulse and to receive. This\results in a large amount of data
needs to be processed or stored. Out of this complete set of\firing and receiving element pairs, u
some conditions, some pairs would be redundant, and are’€quivalent in acoustic path, signal resp
and other characteristics (See Figure 2-2 and the follewing example). The performance increase
HMC is accomplished by voluntarily dropping elementary signals from one of the pulsing-recei
clement pairs that would contain redundant data with the other pair in the collection matrix. When ul
HMC, nearly half of the FMC firing pattern can'be deleted without showing a negative impact.

Example: The redundant pairs of elements‘occur on pulse echo probes, when the pulsing and recei
clement are inverted in another pair. For example, firing element 1 and receiving on element 2
equivalent in path and signal to firing'on element 20 and receiving on element 1. In this situation,
echo seen from one of the pairs will also be seen by the equivalent element pair, at the same tim
flight, and with the same amplitude.

Figure 2-2: Example of Redundant Pairs
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Filteting out these redundant combinations allows a reduction in the amount of required data storg

din

the acquisition matrix, reducing the amount ot data roughly by a tactor ot 2. More precisely, with k

MC

data, the number of elementary signals is n2, whereas for HMC, the total number of elementary signals

is (n2+2)/2. (Figure 2-3).

10
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Figure 2-3: Firing Pattern and Resulting Matrix for HMC
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[n its simplest form, Sparse data acquisition reduces the %er of active elements to Pulse, the
reducing the number of iterations and creating less data té\b} calculated. This reduction can be achig

2.1.4.2 Sparse Acquisition

performed on all elements, just like FMC, or by dedetivating some elements in the acquisition. Sp
Array TFM can use the same algorithm(s) as ql@al TFM reconstruction.

N
Figure 2-4: Firing Pattern and %eﬁlting Sparse Acquisition of 1:2, 1:4, and 1:8
<

oF

Sparsity = 1 ine}thc)lfonn

©
é&sity=]i.n4Uniform
@l " ® ®E ® ®E E ®E ®E ®E ®E E ®BE ®E &=

O
@Q/é Sparsity = 1in 8 Uniform
&

U0 aMA03Y

‘.
. U U0 anaday

1-...

eby
eved

by only pulsing a limited number of elements in a fraditional array probe. Reception can still be

arsc

E Courtesey of Kenneth Shane Walton-University of Ultrasonics

11


https://asmenormdoc.com/api2/?name=ASME PTB-15 2023.pdf

ASME PTB-15-2023: FULL MATRIX CAPTURE TRAINING MANUAL

Figure 2-5: Example of a Possible SMC with 1:2 Sparsity
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Advantages: Q

data signals were to be saved). .

image processing. This enables faster com@tation time and faster inspection speeds.

[.imitations/Conditions: - O

quality. O
2.1.5 FMC Proce%@}sing Different TR Methods

2.1.5.1 Differen thods
For the FM QeTta acquisition, many UT configurations can be used such as pulse echo, pitch cz

ocusing Technique (SAFT) Chapter 3) can collect FMC data. Each configuration me
wn unique attributes and limitations.

2%‘2‘?. oS ulse Echo

[ess data is collected for raw elementary signals$’fherefore, less storage space is needed (If all|raw

Less data collected for raw elementary signa}éﬁlso means less data to transfer and to compute during

N
Having less data overall could regl@ resolution or degrade signal-to-noise-ratio (SNR), as comppred
to a complete FMC acquisition.tThe operator should be aware of the trade-off between speed and inhage

tch,

ission, self-tandem, etc. Even a single-element conventional probe (see Synthetic

hod

The pulse echo configuration, using an array, is the most common method encountered in the field. In
pulse echo, every element is used to pulse and to receive. All transmit-receive pairs belong to the same

array.

Consequently, some pairs are equivalent in acoustic path, signal response, and other characteristics. In
other words, when the pulsing and receiving elements are inverted, any echo seen from one of the pairs

will also be seen by the equivalent element pair (e.g., transmit element #1 and receive on element

#20

is an equivalent acoustic path as transmit on element #20, and receive on #1. (See Figure 2-2). Pulse

12
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echo makes it possible to acquire the data using HMC instead of FMC. Nearly half of the FMC firing
pattern can be deleted without negative impact to create the HMC frame. As mentioned previously, this
equates to faster acquisition times.

2.1.5.3 FMC-TFM for Pitch/Catch

In the pitch catch configuration, each element of the transmit-receive pair belongs to a different array.
These may be side-by-side, as shown in Figure 3-6, or they may be completely separated and opposing
each other, like a ToFD setup. In other words, each element of the transmitter array (transducer a) is
fired individually, and in sequence. For each element pulsed, every element of the receiver, drray
transducer b) collects the individual waveforms. Therefore, each transmit-receive pair has its’pwn
acoustic path and signal response, which makes each waveform specific within the FMC matrix.|The
image reconstruction, or TFM, remains the same as the pitch/catch configuration.

Figure 2-6: Schematic of a Side-by-Side Pitch Catch Configuration

Transduceb a

/ Transducer b

Image Courtesy of Eddyfi Technologies

2.1(5:4 Considerations

tatt—contigurations;theappticddetays—arcafurctromrof severat parameters—ctodmg—thepixel s
distance from the array elements, the ultrasound velocity in the material, the wave type, the
reconstruction mode, the presence/absence of a wedge, etc. The component configuration itself may
not readily lend itself to a particular configuration. It is also important to remember that even though
the acoustic paths theoretically cover the entire TFM frame, and are often drawn this way, the laws of
physics will still apply, preventing any coverage beyond the maximum beam spread range.

13
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2.1.6 FMC Data Size and Storage

2.1.6.1 The Full Data Set

As we have seen a full FMC data set is a compilation of every element in an array transmitting, and in
return also receiving, from all other elements being fired (including itself), such that every combination

of all the elements produces an A-scan. This process can generate a huge number of A-scans for

any

given probe size, and only at that search unit position (FMC frame). The formula for the number of A-

scans within a given frame is n2 elements.

For Example:

For a 32-element array—Each element will be pulsed once for a total of 32 times. For every\eler
pulsed, 32 will receive and generate an elementary A-scan. Therefore, in a single frame thete wi
32 X 32 elementary A-scans created, or 1,024 in total. With a 64-clement probe there will be 4
clementary A-scans generated.

o Keep in mind that this is for a single frame. If you are collecting a frame every 1 mm ¢
along the length of a weld, this can generate an enormous amount,of data in a very §
distance.

e To understand this further, and as a means of determining storage space needs or ra
examination file sizes, there are a couple more points to congider.

2.1.6.2 A-Scan Sample Count for Time Base Range

Each elementary A-scan needs to cover a range long enough, to image the full area of interest, ust
on the order of several us of data. The A-scan range must be long enough to cover the full arg
interest and with every potential wave mode that is expeéted to be used for image reconstruction by
TFM function.

For Example:

A mild steel component 25 mm thick, being imaged using shear waves in T-T and TT-TT (halfA
and full skip) and roughly assuming refracted angles around 55SW, we can expect an A-scan rang
around 54.5 ps. The math would look.like this:

D*((depth/cos (refracted angle) * number of legs)/sound velocity

Or,

D * ((25 mm/cos (55) * 2 legs)/3.2 mm/us = 54.5us

INOTE: The previous ¢xample does not consider the wedge material, or to a lesser extent any sy
delay that would further increase the time base range. A good sanity check would use a calibrg
block to verify coverage. Additionally, because the wave mode and area of interest (FMC grid) cal
manipulated it post-processing, it is usually good practice to collect a longer time base range to en
image reconstiuction capability.

2.1.6.3'A~Scan Sample Size (Actual)

Using a high digitizing frequency will sum to several thousand samples per A-scan. For example,

hent
1 be
096

r SO
hort

ther

ally
a of
' the

skip
e of

tem
tion
h be
Sure

ata

TOOMHZ digitiZing frequency, raveing @ diStarnce of 54.5[S witl produce 5,450 Sampies per A-5C

dn.

Every sample of the elementary A-scan requires multiple bits to be stored. This is also dependent on
the hardware digitizer used. A standardized package of bits, called Bytes, is 8 bits per Byte. A digitizer
producing 8 bits of amplitude would then be stored in a Byte. While a digitizer producing 9-16 bits of

amplitude would be stored in 2 Bytes.

To estimate the file size, we can evaluate the storage size of a single FMC frame. We again must use

some assumptions to get us in the ballpark:
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Given a 64-element probe, and assuming 80 us elementary A-scan range (having sufficient extra time
base to account for the wedge, system delay, etc.), and using a 16-bit digitizer.

We obtain:

4,096 elementary A-Scans (array of 64 * 64 elements)

8,000 samples per A-Scan (80 us * 100MHz digitizing frequency)
FMC frame data size = 4,096 * §,000 * 2 = 64 MB

Again, this frame size would be for each probe location along a scan axis. When a full component is
MSpected, this Size must be muitipticd by the total mumber of prove Hring positions (frames) atong the
scan axis.

For example, to scan a typical 12-inch pipe with standard resolution, huge files are produced-and Jook
something like this.

12in. * 3.1416/0.039in. (1 mm) scan resolution) * 64 MB = ~62 GB
2.1.7 FMC Data Storage

2.1.7.1 Size

[t becomes apparent that FMC not only can generate large amounts of.data, but moving this many [data
can slow down exam times. There are many things to consider, including the type of instrument bging
used, and how it is configured (see Chapter 3 on Equipment){ This is also the reason for the abpve-
mentioned data collection schemes (HMC, Sparse), and why they are used.

The storage of large file sizes, and the processing speeds, are becoming more efficient and [less
expensive to perform as technologies continue to pregress. Although storing large files is possible,|it is
not necessary for most examinations. If the usertis required to store the raw FMC data for spefific
application needs (e.g., to change the inspectionparameters such as mode of propagation, frequengies,
filters, etc.) this can be done after the examination has been completed. In certain cases, the user shpuld
be vigilant in the selection of equipment as Some may not provide a means to store the FMC data ffiles.
Typically, only the TFM generated imiages are all that is required to achieve an examination. Howgver,
user defined applications, research,/academia, or for future algorithm development, may neefd to
consider this variable. Once a full matrix of data has been stored, any post processing algorithm cap be
applied to it. Additionally, because an FMC data set is considered to have collected all possible trankmit
and receive combinations(from an array over an area, it contains all possible information for that grea,
and is considered “futurejproof”.

2.2 Total Eoeusing Method (TFM)

2.2.1 TEM General

This section describes the basics for TFM reconstruction. Although there are many different typgs of
TFMs; this section only describes what is considered “classical TFM”. The data can also be acqyired
oruprocessed through other techniques, some of which are described in this book, such as those
described in Chapter 3. Once present in the FMC matrix, the elementary A-scans can be processed
using any available TFM imaging algorithms, and/or signal processing (e.g., Fourier, Hilbert, etc.) to
reconstruct an intelligible image of the region of interest. The TFM image reconstruction can occur in
real time during data collection (live image) or be processed during later analysis (post-processed
image).

TFM describes any group of algorithms that employs a summation process for each pixel within the
grid to generate the image. The name “total focusing method” originated from the fact that each point
calculated in the grid is intended to be perfectly focused. It is important to understand the focusing
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effects are synthetically formed through processing the data and are not physically focused beams. TFM
algorithms can be applied to multiple FMC data collection schemes and probe configurations, including
pulse echo, pitch catch, tandem, and self-tandem.

2.2.2  Principle for Data Reconstruction

There are also several types of beamformer schemes. The most common of which is referred to as Delay
and Sum (DAS). DAS processing techniques have been used in various industries such as medical,
communications, radar, photo-acoustics, etc., for many years prior to NDE. DAS is derived simply
from what it does, and although there are other more sophisticated algorithms that can be applied,($uch
as Migration, see Chapter 3.3 IWEX) DAS is easy to implement and very reliable.

For the TFM algorithm, a grid containing individual pixels is overlaid upon the region of interest (ROI).
The algorithm creates delays for each T&R pair and summation (from all pairs) for every-pixel within
the grid. To do so, each pixel is treated as an independent data point for which thedelay is calculated
based on the total time of flight required for the ultrasonic wave propagation from‘the transmitter(to a
pixel coordinate and then back to the receiver. Figure 2-7 shows the wave propagation path for a
transmit-receive pair to an individual pixel. Each transmit and receive pair will'report a reflector along
an elliptical arc. In Figure 2-7 the pixel located at Xp, Zp lies along~this arc, and therefore| has
information that will contribute to the summation and the overall image.This information will be i the
form of an elementary A-scan. In this figure, anything outside the arc is essentially a zero net fof the
summation. Other T/R pairs will generate a similar arc but have-a‘slightly different orientation. THis is
due to the other pairs having a different location within the<array and therefore different delays.|The
other pairs will also have information at this pixel. The process then generates a summation of all pairs
elementary A-scans) and assigns an intensity for this pixel. After all T/R pairs across all pixels Lwe
been summed, then we have an image.

Figure 2-7: Wave Propagation Path fora*Transmit-Receive Pair to a Specific Pixel

X=0

o,

Image Courtesy of Sinewave Solutions

Each elementary A-scan generated from the FMC data (every transmit-receive pair) is applied tq the
sunmnation—process—Ihis—coherent-swmmationis—apphed-to-thepixel of interest-and—aenerated the
intensity information at that pixel. This process is repeated for every pixel in the grid. Every pixel then
has a dedicated position (delays), with a calculated intensity through the summation process, thus
generating the final image.

This process is shown in Figure 2-8 through Figure 2-11 and illustrates an example of delays being
calculated within the grid and the summation of the A-scans to provide an intensity in the final TFM
image.
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Figure 2-8: TFM being constructed from a single transmit and receive pair. Note that as it progresses,
each individual pixel has a set of delays and an intensity reported for its location.
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Figure 2-9: The Cumulative TFM (lower right) becomes a compilation of all T&R pairs. This example is

only four T&R pairs.
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Figure 2-11: The final image at 100% (all 4,096 pairs) completed. It is important to consider the order of
magnitude with which we have progressed through these images. We started with a single pair assigning
data to every pixel, then went to 4 pairs, then 410 pairs, then 2,048, then finished at 4,096 pairs. (1)

Transmit-Receive Matrix (100.0% complete)

Receije index

0 [}] 20 30 40 50 1]
Transmit index

Cumulative TFM (4096 TR pairs)

30 +

z position (mm)
=
’

amplitude (au)

Image Courtesy of EPRI

2.2.2.1 B-Scan

[t is important to point out that the final TFM image may look like a familiar B-scan, but it is not. A B-
scan is produced from stacking A-scans, typically derived by individual beam and angles using fime
vs. amplitude (Time Domain signals). The TFM image grid resides in the same plane, but it i not
constructed in this manner. Ne“angle dependent information exists to derive a reflector's location.[The
TFM image, after the sumimation process, displays an intensity at every pixel within the grid, whereas
a B-scan displays amplitude along a beam. (2)

2.2.2.2 A Note on"PFM and Noise

For all the beaatiful images it can create, FMC-TFM is extremely noisy. Figure 2-10 and Figure 2-11
display nois¢-as a “swath-like arc” that depletes in the image as the process continues until completion.
This is,0bviously due to more T/R pairs reporting nothing of interest at these pixels, than those thaf are
reperting something, and the summation process is reducing the noise. Yet, even in the final imagg¢ the
naise’is still present and observable. The reason for this is because these images are built solely rom

¢ clementary A-scans, willl 10 Oller processing invoived. 1ypically, images would not be built trom

the raw conventional A-scan form without some other type of processing involved.

At this point, other processing schemes such as a Fourier transform, or a Hilbert transform, for example,
would be applied to the “raw” elementary A-scans of the FMC data. These treated signals are often
referred to as the “analytical” wave form. The processes that create the analytic wave form—not simply
a summation of the conventional A-scan—that more effectively suppresses the spurious signals and
provides the enhanced resolution that makes TFM images look so good. At the end of this chapter there
is a section describing the Fourier and Hilbert transform processes in more detail.
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2.3  Wave Type, Reconstruction Mode

2.3.1 Naming Conventions
It is important to understand what a reconstruction mode, path, beam, and ray tracing all mean when
conversing about FMC-TFM.

2.3.1.1 Reconstruction Mode

armmraenbirefarred to-ag o 2% o rooomctiot o o da 1o tho cong oo o lteacnaas o nd Of
o ofry—fererrea—to—aS—a—hoae——aTecohStHuctHoR—oaeis—te—Same—aS—ah—trtaSoec—o4q,

propagation, transverse or longitudinal. However, in the realm of FMC/TFM it refers to the agtual
acoustic paths desired for the TFM to calculate all pixel intensities. This is described in grdater detail
in the following sections.

2.3.1.2 Path

An individual path is a subcomponent of a mode and is not a beam. It is the singular calculation of the
sound travel to an individual pixel and often depicted by ray tracing, eventhough there is no ray, or
beam, involved. The number of paths possible within a mode would be the'same as the number of pixels
in the grid.

2.3.1.3 Beam

When conversing about ultrasonics, it is customary to use the word “beam”, especially when descriping
what the sound is doing within a given component. For<TFM this would be incorrect, as the pnly
beam(s) that occur is on the front end during the FMC. Those are sound beams. TFM is a calculgtion
of individual paths performed on FMC data.

2.3.1.4 The Problem with Ray Tracing

When ray tracing is used in TFM, it is oftén used to describe a reconstruction mode or a path. [This
representation is correct in a general sense, but often leads to the misconception of generating beams.
[n fact, no other logical way to draw'dand represent a mode or path exists.

2.3.2 TFM Modes

As with any ultrasonic inspection technique, it is possible to use longitudinal and transverse Wave
modes with TFM. In otherwords, by applying different amounts of delay to compensate for velgcity
in transmission and if te€Ception, the use of multiple acoustic wave modes can be created and the TFM
image reconstructéd,) Therefore, the image reconstruction mode, by convention, is described by using
the mode of the,acoustic waves of each path segment (leg). The description consists of a certain nurhber
of letters separated by a hyphen, and is explained as follows:

T represents transverse wave mode (Shear wave)
L represents longitudinal wave mode (Compression wave)
The-hyphen is used to separate the whole acoustic path into two parts:

(Transmission path)
e After the separator character (hyphen): The signal after the target location toward the receiving
element. (Reception path)
The number of letters on the left side of the separator character represents the number of legs from the
transmitting element to the target location. Similarly, the number of letters on the right side of the
separator character represents the number of legs from the target location to the receiving element.
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Figure 2-12: Example of How Mode Nomenclature Works.

Number of Mode Segments

A RN
XX - XX
— =

Transmission Path™ J & Reception Path

Separator Character

Image Courtesy of Eddyfi Technologies

This notation, along with the probe configuration, can be used to fully descCribé the insped
configuration, such as:

Pulse-echo direct, or T-T
Pulse-echo after skip, or TT-TT
Pitch-catch, or L-L

Tandem LL-T

Figure 2-13 illustrates the operation of several common reconstfuction modes as well as their defini
The T wave mode orientation is shown in red, while the L is shown in blue.

Figure 2-13: Schematic of Some Common Reconstruction Modes

Direct path — Pulse-echo Indirect pathi=Tandem Pitch/Catch
T-T PT-T T-T
’\. — -~ -““"\--.‘._,....--—""“‘
TT-TT LL-L L-L
\&'. ) %’ T —
L-L LL-T TT-TT
--H:"N---‘- \ ) - -
A~ \% \/' \/
Li~=LL LL-LL

Image Courtesy of Eddyfi Technologies

Many more reconstruction modes are possible and are used depending on the specimen’s geometryl

tion

ion.

the

flaw type, its location, and the probe’s configuration. Some modes are very similar to each other such
as TT-T and T-TT. Multimode (any combination of T and L) is also possible. This provides a very large

number of combinations that are available for use.

It should also be noted that, as in any ultrasonic technique, appropriate acoustic wave modes should be
used to reliably detect, accurately size different types of flaws and simultaneously obtain full coverage
for the ROI. Depending on the flaw of interest, its potential characteristics, and location. The user
should select the appropriate reconstruction mode making it possible to receive a signal back from the

flaw of interest.
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2.3.3 Some Flaw Strategies

Figure 2-14 illustrates some examples of preferred reconstruction modes for certain flaws. Actual
examples of flaw interactions with different modes can be found in the back of this book in Appendix

A.
Figure 2-14: Examples illustrating the advantages of different reconstruction modes in detection of
certain flaws
Pulse-echo TT can be used for corner Near-surface breaking crack can be
frap of |ncomp|efe penetratlon Tlaw detectedwith pulse-echo I'T-TT

Mid-wall embedded crack does not
have a corner trap. LL-T may provide Pulse-echo TT-TTis useful for voids,
a reflection solution inclusions and pDr(‘:lslty

LL-T W TT-TT

TT-TT lack=of-fUsion can also be detected
(Pitch & Catch) WithTT-TT

NG AN

Image Courtesy of Eddyfi Technologies

2.3.4 Beam Spread Considerations

possible in the selected image frame, considering the probe/wedge configuration and the location o
image frame related to the probe position.

within the array. The area-outside of the beam spread can still be computed, but the sound energy
not necessarily cover the expected area of the frame past the maximum beam spread angle, or an a
chosen as the cut-off point (e.g., -6Db). This may lead to a situation where pixels could contain
unrelated to the actual location.

'9—12V
sind = 12—

Where:
V: sound velocity in medium

Dielement diameter

Specular'or near-specular reflection of

Multiple reconstruction modes are also generally tequired to obtain complete coverage, especially for
weld examinations. It is possible to apply multiple reconstruction modes to the same FMC/HMC fiame
to create different images of the inspectiod.zone. The presence of acoustic waves must be physigally

[ the

With standard phased array UT, the ultrasonic beams are limited to the amount of steering that can be
applied. The limitation of the FMC frame becomes a function of the beam spread from a single elehent

will
hgle
data

F: frequency
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Figure 2-15 illustrates a 64-element SMHz linear array probe mounted on a SW55 wedge in a direct

mode pulse-echo configuration.

Figure 2-15: (a) and (b) Position of the pixel in the TFM frame; (c) and (d) acoustic field simulation using

the function of beam spread dedicated to the pixels in (a) and (b), respectively

(a) (b) o
For Pixel in For Pixel in top
center of weld HAZ
(c) (d) — Data
Data properly improperl
located located
— A = 7 .\;‘

Image Courtesy of Eddyfi Technologies

[n Figure 2-15(a), the data will be properly located within the frame due to the proper probe and wed
configuration relative to the grid. However, for the pixel in Figufe 2-15(b), the dedicated focal 1

Consequently, the data in this pixel will not be representative of its actual position.

Therefore, the following points should be considered when preparing a TFM configuration and defi
the frame parameters:

Know the capabilities of the array being used for:the FMC. (See Chapter 5 for array consideration
Maximum coverage is a function of the beam spread from the single element within the aperture.

cannot physically cover the expected area.it may lead to situations where pixels may contain data rel
to a different location.

The number and type of reconstruction modes must be considered to achieve complete coverage.
Ensure that the FMC has enough.range for the types of TFM to be applied.

Figure 2-16 illustrates the Tesults of beam simulations for a standard phased array sectorial sy
beams) and a TFM (frame reconstructed in the TT-TT mode. The simulations were performed u
the following configiiration:

Thin V-bevelayeld, T =37.5 mm
[inear array. 55 MHz, 32 el.

55SW wedge

32 elements aperture

5 t0-85 degrees SW (for standard PA)

oe’s
oint

will not be able to be accurately imaged due to the limitations“imposed by maximum beam spiead.

hing

).

Past the maximum beam spread angle, the. frame can still be computed, but if the reconstruction npode

ated

eep
Sing

TT-TT reconstruction mode (for TFM)
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Figure 2-16: Coverage that can be obtained with (a) standard phased array sectorial sweep and (b) TFM
in TT-TT mode.

1

&
8]
o
i
E
i
e

Image Courtesy of Eddyfi Technologies/E% Scientific, Inc.

Note: The uppermost images are beam/sound field si s%’3ions. The lower TFM image simulatign is
not. The colors in the lower TFM image depict the @ree of response that should be attainable within
the frame. This modeling tool is further describeds\l Chapter 3.
[f a given pixel of the TFM frame is covere@ the field of the pulsing element and the field of the
receiving element, potential for detection exists (actual detection is still dependent on flaw orientation,
nature of the flaw, amplitude level, nois‘e}evel, etc.). Multiple possible TFM frame locations cah be
selected. Figure 2-17 illustrates using:nultiple modes to achieve coverage. Valid data for every pixel
within the ROI can be computed using either mode, or both modes in combination.

Figure 2-17: Valid lo for a TFM frame reconstructed using T-T and TT-TT modes

y

Image Courtesy of Evident Scientific, Inc.

& T-T reconstruction mode TT-TT reconstruction mode

Fo ittustrate this further, the tocation of priate

for TT-TT reconstruction mode since:
The frame is not within the transverse wave field, and nothing can be detected using the transverse
wave mode.

A possible longitudinal wave field exists in that location (not simulated and shown in Figure 2-18) that
may detect some reflectors (e.g., back-wall).
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Anything seen by L-waves will be plotted using the transverse wave velocity because the mode is
configured as a transverse wave mode (TT-TT), so the plotted depth of such indications will be

incorrect.

Figure 2-18: Inappropriate TFM frame location for TT-TT reconstruction mode

y
.

Image Courtesy of Evident Scientific, Inc.

When a T-T TFM frame is only used for reconstruction at the location displayed by the red-colored|
in Figure 2-19:

from potential flaws or discontinuities in this location.
The upper-right portion will have a very weak response, compared td\the average of the frame, as
amplitude drop in that area is not linear.

Figure 2-19: Inappropriate TFM frame location for T-T reconstruction mode

N ~

Tmage Courtesy of Evident Scientific, Inc.

2.3.5 Self-Tandem Modes

Discussion so far has-leoked at 2T and 4T modes because they are probably the most used. Ag
seemingly countlessynmumbers of combinations exist for modes, each having their own attributes,
the self-tandemwaimodes are worth mentioning. These self-tandem modes, due to their paths
directivity, esptcially when coming out of a wedge, seem to do particularly well on vertical or 1
vertical flaws? The best example of this would be a lack of fusion in the bevel of a narrow groove W
K-groo¥e€, etc., or any almost vertical flaw. The self-tandem modes can be finicky but are necessaj

While\it is easy to understand, from the images above, how a 2T mode (T-T) would be the most 1

box

A large portion of the frame is within the optimal transverse wave field-and will generate respopses

the

ain,
and
and
ear-
reld,
y.

deal

for’ID connected flaws and mid-wall flaws within reach, the 4T (TT-TT) mode should work wel

for

an OD connected flaw and some mid-wall flaws. The 2T and 4T modes will not catch everything.

Figure 2-20 shows the expected response(s) from the self-tandem modes individually and in

combination.

25


https://asmenormdoc.com/api2/?name=ASME PTB-15 2023.pdf

ASME PTB-15-2023: FULL MATRIX CAPTURE TRAINING MANUAL

Figure 2-20: Examples of the Expected Response from Self-tandem Modes

T-TT (3T) TT-TTT (5T)

Image Courtesy of Evident.Scientific, Inc.

2.3.6 Effects of Thickness

All TFM reconstruction modes are built from calculations (algorithms). When using modes that require
a skip or rebound off a component’s surface, having a correct thickness, and to a lesser extent velogity,
for the component is essential. This is@specially true for the “odd” numbered modes, also referrqd to
as self-tandem, (i.e., 3T (T-TT), and 5T (TT-TTT)) as they seem to be the most affected by this. Figure
P-21 displays how easily the difference between the actual thickness and input thickness can throw the
calculation off.

Figure 2-21: An exampleillustrating the inefficient spatial coherence of the TFM trajectories for 4
specimen with different.thickness than the nominal value used for image reconstruction. In a.) the acfual
and input thickness-is-the same, in b.) the actual thickness is less than the input thickness, in c.) the adtual

thickness is greater than the input thickness. The delays remain the same.

a. b. c.
Image Courtesy of Sinewave Solutions
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Because the length of the acoustic path is a function of the specimen’s thickness, the exact value of the
thickness should be known and considered for image reconstruction. Any difference between the
nominal thickness of the specimen with its actual thickness will cause an erroneous delay calculation
and hence inefficient focusing (delay) and a degradation of the image. Figure 2-22 demonstrates a
configuration in which the specimen’s actual thickness is less than, and greater than, its nominal value
of the specimen shown. The delays are calculated based on the nominal thickness value (from
instrument/user input) to focus the acoustic paths on a specific pixel. Meanwhile, the actual thickness
will cause a difference in the delay calculation. Because the delay calculatlon relles on a rebound from

Lol 1 14l Jd O L +la 1 1 tlhaal 1a th
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image will be degraded and possibly unusable.

[n a study by Painchaud-April et al., the impact of +10% thickness difference on the amplitude.of a[side
drilled hole (SDH) indication in a TFM self-tandem configuration was evaluated. The EMC data|was
acquired on three different specimens possessing (a) 20 mm, (b) 18 mm (-10%), and (¢),22 mm (+10%)
wall thickness. Images were reconstructed using the self-tandem configuration ofthé.nominal par{ (20
mm wall thickness) in all cases. The results for the (b) and (c) data set showed a‘signal amplitude ¢irop
of -9 and -8 dB, respectively, as compared to maximum signal amplitude of th€ (a) data set. See Figure
D-22.

Figure 2-22: Maps of the amplitude envelope computed using the TFM on the three samples of differlent

thicknesses, using: (a) 20 mm (nominal), (b) 18 mm, (-10%), and (¢) 22 mm (+10%) wall thicknesy

samples. (Courtesy of Olympus NDT Canada INC.) [Painchaud-April, G., Badeau, N. and Lepage, B.,

2018, April. Total focusing method (TFM) robustness to material deviations. In AIP Conference
Proceedings (Vol. 1949, No. 1, p. 200007): ATP Publishing LLC.]
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Image Courtesy of Evident Scientific, Inc.

[n all three:images, a similar color palette of linear scale from white to red is used, and the signalg are
normalized based on the maximum found on the (a) case. The back wall position is illustrated by
horizontal black lines. In addition to the maximum amplitude drop for the (b) and (c) cases/ the
distribution of the signals has also changed.
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In Figure 2-23, another case study is depicted using an aluminum calibration block having various
reflectors and a known thickness of exactly 14.68mm.

Figure 2-23: The dependency that the self-tandem modes, T-TT, and TT-TTT, in this case, rely upon
having an accurate thickness value for the delay calculation
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a. TFM processed at an exact thickness value of 14.68mm.
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c. TFM réprocessed with a thickness value of 15.68mm (+1mm).
Image Courtesy of Oleg Volf

2.4  Amplitude Fidelity

[n general, amplitude fidelity is the preservation of analog signal information when converted to digital.
Many things can adversely affect retaining amplitude fidelity, but the two main aspects are signal
processing and grid resolution.

2.4:1 Amplitude Fidelity in Signal Processing

When performing most ultrasonic examinations, compliance with codes generally requires that the
digitizing frequency be at least 5 times the nominal probe frequency. This is based on the Nyquist
Theorem, or Sampling Theorem, used in numeric processing. For FMC/TFM, the amplitude fidelity
requirement ensures that the amplitude of an indication remains true within 2 dB of'its expected nominal
value. Very often, with modern equipment the digitizing frequency is even higher at ~100 MHz
Achieving amplitude fidelity within 0.1 dB of its analog value is entirely possible.

To explain this concept further, in the following we see that the digitizing frequency is 5 times the
probe frequency (as an example, on the propagation axis X, between 1.0 and 2.0 A units, there are five
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digitalization points). This means that the space between any two digitalization points is 1/5 of the

wavelength, or A/5.

The maximum possible amplitude falls between two digitalization points. The exact amplitude height

is unknown because it occurs within an unsampled portion of the waveform.

In a best-case scenario, digitalization points coincide with the maximum amplitude, and in such
circumstances, an accurate measurement is obtained. A more accurate measurement may be obtained

by increasing the number of digitalization points, even though there will still be some loss, it wi

11 be

less. A worst-case scenario would be the maximum amplitude falls in the middle of two digitalization

points, resulting in the maximum inaccuracy.

As depicted in Figure 2-24, if the space between two samples (or digitalization points) is A/5, inaw
case scenario, the measured amplitude is still within 2 dB of the nominal analog value.

of 5 points per wavelength

Amp Fidelity £ Y By f

& Samples per A

samiptipg probe

=
e

2.00 3.00 4.00 5.00
Propagation Axis (in A units)

Tmhage Courtesy of Eddyfi Technologies

amplitude infidelity.

of 2 points per wavelength

f =2xf

Drst-

Figure 2-24: Inaccuracy in signal digitalization and Amplitude Fidelity for signal digitized at a frequ¢ncy

Figure 2-25 illustrates a potential situation where less digitization points are used, resulting in a lgrger

Figure 2-25: Inaccuracy in-signal digitization and Amplitude Fidelity for signal digitized at a frequepcy

sampling probe
< Amp (in)Fidelity 2 samples per A
£ 00 — : *——0—

0.00 1.00 2.00 3.00 4.00 5.00 6.00
Propagation Axis (in A units

Image Courtesy of Eddyfi Technologies
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The actual position of a point over a signal is random and not predictable, and therefore, the worst
condition should be assumed.

In general, it can be stated that the greater the number of digitalization points, the lower the theoretical
maximum error. A/5 may not always be the solution for every scenario; some examinations may require
more (e.g., A6, A7) and some maybe even less. The trade off with signal processing is between the
acceptable amount of error and the number of digitalization points. This can be limited by the
processing capacity of the acquisition unit.

z.4.2  UT1a construcuon

As previously discussed, TFM is a processing method using FMC collected data to generate-an/inpage
from a predefined grid of pixels (Figure 2-26), where each pixel is computed using a dedicated interIsity
summation and therefore said to be focalized (synthetically) at the pixel’s position. Fer'each pixgl in
the grid, the TFM algorithm uses the complete probe aperture, creates appropriate delays, and perfqrms
a summation of the elementary A-scans that creates an area (grid) of pixels having a.defined resolytion
and focus at all distances. Typically, this results in a better definition and localization of defects i all
areas of the frame, due to the dispersion of energy sent in all directions, within‘the component.

TFM algorithms also provide the possibility of reconstructing the image’using direct, indirect,|and
mode-converted paths in any feasible combination. Therefore, besides the frame location, size|and
resolution, the user should also consider the reconstruction mode to-finalize the definition of a TFM
setup.

Figure 2-26: Principal parameters.of'a TFM frame

Width Resolution (d,)

Location of
Frame Start

Depth (z)

Depth Resolution_[ ' ' ' ' ' ' v
(d)

Width (x)

S,

v

Image Courtesy of Eddyfi Technologies

Complete ‘coverage and various defect types may require multiple reconstruction modes as we|l as
different common probe configurations, such as pulse-echo, pitch & catch, tandem and self-tandem.
Ultitmately, in the analysis phase the TFM images, which are obtained from different configurations

Chapter 3)
Advantages:

The TFM algorithm has a reduced dead zone (near field) in the top section of the frame, due to the size
of the individual elements, and accordingly, an increased likelihood of detection for flaws close to the
scanning surface. This again is a result of the summation from multiple transmit-receive paths over
larger interface areas.
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Every pixel of the TFM image is synthetically focused. This can lead to optimal resolution in all points

of a well-conditioned frame and consequently more accurate flaw characterization.

As compared to Phased Array Ultrasonic Testing (PAUT), setting up the TFM frame has fewer

parameters that are required to be defined (e.g., focusing and beam steering parameters are
required).
Limitations:

not

Pixel size must be smaller than A/5, which can lead to large pixel counts for thick materials and a large

amount of processing.

Because each pixel is being generated by summation from all available A-scans, its angle informd
is not readily accessible. The concept of detection angle for indications is not valid in TFM.

2.4.3 TFM Grid Resolution

Amplitude fidelity can also be influenced by the TFM grid construction from the EME data.

[n respect to the TFM image reconstruction mode, the pixel size must be small €énough to have at
5 pixels per wavelength (A/5).

a) In the best-case scenario, the waves propagate in a direction that is parallel with the principal
of the TFM grid. Consequently, the measurement of signal digitization remains valid because
minimum grid pitch is limited by the wavelength (velocity/€entral frequency) of the ultras
beam. Therefore, with a TFM grid pitch of A/5, the maximum amplitude of the signal is dete
within the -2 dB tolerance.

b) In the worst-case scenario, the sound propagationdirection crosses the diagonal of the TFM
In such a case, the A/5 value for the TFM grid pitch would still be considered as an optimal v4
The reason can be described by the fact that for a point scatterer (a scatterer having a minin
size), the -6 dB width of the detected amplitude distribution, on the beam’s lateral axis, ca
considered in the same order of magnitude as the minimum beam waist size, whic
approximately equal to A, as represented in Figure 2-27. Therefore, with a TFM grid pitch of]
the maximum recorded amplitude of a point scatterer would still be above 90 % of its maxir]
signal amplitude [TFM Grid Resolution by Olympus Scientific Solutions Americas].

Previous sections of this chapter discussed using a conical beam shape having a large amount of b
spread (typical) coming from a small element. Of the two scenarios, para. (a) would be the least lik
and any grid density. considerations should be given for para. (b) above. It is also worth noting
when using modern.equipment, the ability to generate a very dense grid is readily available. Thert
however, a poiit'of diminishing returns as well as a tradeoff for processing times.

As examples,/a 512 x 512 grid is equal to 262,144 pixels, and a 1,086 x 1,086 is about 1.2 mi]
pixels, andso on. The user must consider things like the physical size of the ROI vs. resolution as
as what'is tolerable for the actual visible representation and detection capabilities. A 512 x 512
covering an ROI of 0.5 in. of material is different from a 512 x 512 grid covering 2.0 in. of the

tion

cast

hXes

the
bnic
cted

brid.
lue.
hum
h be
h i
M3,
hum

cam
ely,
that
e 18,

lion
well
grid
hme

atarial Thic 1o xodass saza maad +0 maxs ottanti s 0 tho vuovalaongtlh () — G/ Ao o el of thaals o
Hatear—rH5SI5—Wwhy—-we-hHeeato-payatteHtoh—totHeWwavereREt vV Sa e or+titiioa

da

good place to start, is to set a grid spacing having a minimum of approximately 20% of the wavelength.
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A major benefit of TFM is the improved image resolution, and the subsequent gain in the quality and
the accuracy of the inspection image. However, TFM requires more attention given to the selection of
probe frequency and the wave type, and again, the availability of high-resolution grids. The TFM
resolution refers to the number of pixels (pixel count) used to reconstruct the image, and it can be
configured during the image reconstruction process. For example, if a grid of 512 columns and 512
rows is used to reconstruct the image, the TFM frame will have a resolution of 512 x 512. Once the
FMC data are available, the user can reconstruct the TFM image using the resolution of interest. It is
possible to use the same FMC data to reconstruct multiple TFM images possessing different degrees of

i S
CSOTU IO

As stated previously, for each pixel in the TFM frame, an image intensity from the summation-gf all
pairs, in transmission and reception, is tuned for the center of the pixel. Therefore, increasing.the TFM
resolution to achieve a higher image quality comes at the expense of a higher amount ofleomputatjon.

Figure 2-27: (a) Signal amplitude distribution on the lateral axis as a result on the intéraction between
the beam at its minimum waist with a point scatterer and (b) Representation of the{(rectified) amplitpde
TFM image of a hypothetical point scatterer using a common large bandwidth,pulsed signal spannipg
1.5 in length. The minimal structure to sample in amplitude is the A/2 oscillation/[/TFM Grid Resolufion

by Olympus Scientific Solutions Americas]
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Image Courtesy of Evident Scientific, Inc.
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If the A/5 grid pitch condition is not, or cannot be, respected, the results can lead to incomplete and/or
missing information in the TFM image, which in turn makes the data unusable. Figure 2-28 provides
an example illustrating the importance of pixel size in the reliability and fidelity of the reconstructed
TFM image.

Figure 2-28: Impact of the pixel size of the TFM image on the reliability and fidelity of TFM results

Nominal signal NOQJ‘ \1'signal in TFM frame
Peak amplitude 78.1% P&a amplitude 49.4%
)

TFM frame with data smoothing
Peak Amplitude 49.4%

Image Courtesy of Eddyfi Technologies
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The importance of respecting the number of pixels (through A/5 as a minimum) can determine whether
the detection is reliable, unreliable, or even result in no flaw detection. Figure 2-29 provides an
example illustrating the importance of the pixel size used for the reconstruction of the TFM image on
the reliability of flaw detection. In this example, a 64-element linear array of S MHz on a S5LW wedge
is used on a carbon steel calibration block containing 0.039in (1 mm) side drilled holes.

Figure 2-29: Impact of pixel size used for TFM image reconstruction on the signal amplitude of an SDH.
The signal amplitude changes with the TFM pixel size from (a) 87.1% FSH for A/6, to (b) 42.6% FSH for
A3, and finally to (c) 8.7% FSH for A
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Image Courtesy of Eddyfi Technologies

2.5 Scan Plan

When using TFM technology, tools liketay tracing and acoustic field simulation play an importantrole
in the design of the inspection procedure and scan plan. Most considerations for standard phased drray
scan plan designs can be directly applied to a TFM scan plan design. These considerations, to a ldsser
extent, include probe and wedge selection as well as the calculations performed to determing the
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As stated by most codes, the preparation of scan plans to examine a specimen should be performed

based on a methodology that is repeatable and standardized. In addition to the parameters that

arc

covered in the standard PAUT scan plans, such as required examination volume coverage

representation, specimen geometry, number of scan lines, and probe/wedge location, other

key

parameters for TFM configuration, such as image reconstruction paths and image grid density, should

also be included. Compared to the standard PAUT configuration, different parameters are used to de
the region of interest for TFM, see Figure 2-30.

Figure 2-30: A schematic of the parameters required to define the region of interest in TFM
configuration
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Image Courtesy-0fEddyfi Technologies

The examination volume, particularly for welds, will be as defined by a code or standard. The horizd

for a welded joint, the width and height-of the grid should encompass, as a minimum, the weld and
heat affected zone (HAZ).

Naturally, the horizontal and«vertical offset values, which define the position of the TFM grid
related to the reference datum/of the search unit, and the component.

The offset in the index axis defines the position of the probe/wedge as related to the index refereng
the specimen. To defing an optimal index offset, various parameters including the volume to be covg
the acoustic field‘distribution in the region of interest, and geometrical restrictions (e.g., weld
width) must be-considered.

[t is essentidl to use acoustic field simulation and ray tracing tools to make sure that the defined gr
within the'optimal acoustic field such that potential indications can be detected within the selected
index.offSet, and image reconstruction mode.

Te.illustrate the importance of ray tracing and acoustic field simulations, a scan plan scenario wi

1 at

+h 4

TwWT

fine

ntal

width of the TFM grid must be defined.respecting the recommended volume coverage. For exanyple,

| the
are

e of
red,
cap

id is
brid,

1 be
ible

smtad ond avoliotad 0 s o Loll oo cantiaan NIt Brab £fq llhaog acelaca-acnac
TOSTICGant U varaatCO 1T tiCTOTIO W TS STCTTOT Ty OtT i prooT-oTrsT T oOC ST asTrosTaspoOSS

to the weld cap.
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2.5.1 Defining the Specimen and the Probe
The following component in Figure 2-31 will be used:

Figure 2-31: Schematic of the welded joint specimen for scenarios A and B

« Carbon steel - plate butt weld
» Thickness 17.5mm
» V-bevel (30 degrees)
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Image Courtesy of Eddyfi Technologies

The probe/wedge is as follows:

A 5-MHz array possessing the following characteristics:

e 32 clements

e Pitch 0.6mm

e  Width 15.0 mm

A 55SW wedge possessing 55-degree SW nominal refracted angle (in steel)

2.5.2 Scan Plan for Specific Flaws

[n both scenarios, the scan plan is createdto-detect the following flaws, shown in Figure 2-32:

[ncomplete penetration

Toe crack (surface breaking)

Volumetric flaws: void, porosity,‘slag inclusion
[_ack-of-fusion in the bevel

The inspection modes T-T and TT-TT should be sufficient to cover the weld area and the adjacent K
heat-affected zone). NOTE: no single mode will detect all flaws! It is important to have a detd
understanding of the.weld joint being examined. A determination of the correct modes to use fd
exam must be mades/For a general understanding, examples of different modes vs. flaws can be fg
in Appendix A

Figure 2232 Acoustic paths and corresponding reconstruction modes for optimal detection of undg
evaluation flaws
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Image Courtesy of Eddyfi Technologies
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2.5.3 Locating the TFM Grid

Different TFM grid locations and modes can be combined to extend coverage, as shown in Figure 2-33:

Figure 2-33: Different TFM modes required to extend the coverage

Image Courtesy of Eddyfi Technologies

2.5.4 Scan Plan Design
Figure 2-34: Schematic of the applied grid

Image Courtesy of Eddyfi Teclinologies

Here, the probe/wedge assembly is placed on the specimen so that the wedge’s front face is as clog
possible to the weld cap.

[n this section, simulations and ray tracing are provided to answer the following questions:

[s this a good scan plan for the situation?
Will every flaw be detected?
What can be improved?

2.5.4.1 Volumetric Flaw (Void)'in TT-TT Mode

provides a partial coverage of weld volume. The ray tracing results show a great amount of refleg
at the flaw’s surface with ' most of the acoustic energy returning to the probe/wedge contact are
such a case, it is likelythat the flaws are detected.

Figure 2-35: (a).Simulated acoustic field and (b) ray tracing results for a void located in the weld mat
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According to the beam simulation result, depicted in Figure 2-35, the acoustic field of the TT-TT njode
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Image Courtesy of Eddyfi Technologies/Evident Scientific
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2.5.4.2 Toe Crack in TT-TT Mode

As depicted in Figure 2-36 (a), the reflector, representing the toe crack, is completely within

the

simulated acoustic field of the T-T mode. In addition, the ray tracing results show that the incident

beam is reflected by the toe crack, and a significant number of reflected beams return to
probe/wedge contact area. In such a case, it is likely that the toe crack is detected.

Figure 2-36: (a) Simulated acoustic field and (b) ray tracing results for a toe crack
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(b)

Image Courtesy of Ed&;ﬁ Te‘c.hnologies/Evident Scientific

2.5.4.3 Lack of Fusion T-T Mode

field of the T-T mode. However, as illustrated in Figure 2-37+(b), the ray tracing results show thg
acoustic energy is reflected to the probe along the direct path to the reflector. In addition, the refle
acoustic energy does not return to the probe area and henceno signal is expected from the reflecto

Figure 2-37: (a) Simulated acoustic field and (b)aray tracing results for a toe crack using T-T
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Image Courtesy of Eddyfi Technologies/Evident Scientific

According to the beam simulation result, depicted in Figure 2-37 (a), the reflector is within the acoystic

t no
cted
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2.54.4 TT-TT Mode

According to the beam simulation result, depicted in Figure 2-38 (a), the reflector is partially covered
by the acoustic field of the TT-TT mode. However, as illustrated in Figure 2-38 (b), the ray tracing
results show that no acoustic energy is reflected to the probe along the rebound path. In addition, the
reflected acoustic energy does not return to the probe area and hence no signal is expected from the
reflector.

Figure 2-38: (a) Simulated acoustic field and (b) ray tracing results for a toe crack using TT-TT

(a)

Image Courtesy of Eddyfi Technologies/Evident Scientifie.

Therefore, it can be concluded that the detection of the lack of fusion is not likely in this scerjario
because no signal is expected from the specular reflection, eithet in the T-T or in the TT-TT modq.

2.5.4.5 Incomplete Penetration in T-T

As depicted in Figure 2-39 (a), the reflector, representing incomplete penetration, is completely within
the simulated acoustic field of the T-T mode. In addition, the ray tracing results show that the incident
beam is reflected by the incomplete penetration‘and a significant number of reflected beams returns the
probe/wedge contact area. In such a case, it{s likely that the incomplete penetration is detected.

Figure 2-39: (a) Simulated acoustic field and (b) ray tracing results for an incomplete penetration

e
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(b)

Image Courtesy of Eddyfi Technologies/Evident Scientific

2.5:4.6 Conclusion

In this scenario, complete volume coverage of the weld and the heat affected zone is not achievable
with a single mode. Using a combination of T-T and TT-TT modes is required for exam volume
coverage.

The toe crack is within the acoustic field and the geometry allows the acoustic energy to reflect back to
the receiving elements of the probe.

The lack of fusion is most likely not detected in this scenario because with the TT-TT mode the area of
the flaw is only marginally covered within the acoustic field. In the T-T mode, the lack of fusion is
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fully covered by the acoustic field, but most importantly, the geometry of the flaw does not allow the
acoustic energy to reflect back to the probe, for either mode.

For the incomplete penetration, the detection is likely since the reflector is insonified with the acoustic
field and, considering the geometry, the reflected ultrasound beam returns to the probe.

A complete volume coverage of the weld and the heat affected zone could be achievable using a single
offset position. However, the lack of fusion flaw was missed with the 2T and 4T modes. The change in
the probe’s physical location would improve the detectability of this flaw and possibly with the same
coverage. If the probe were set further back away from the weld, it is likely the 4T mode would have
[detected this flaw, but this cannot be guaranteed due to flaw orientation. Exactly now miuch o1ispt to
use is a matter for simulations and ray tracing.

This section was used for the sole purpose of presenting the effects of probe position and the/importance
of developing a scan plan. Other modes, including self-tandem, are available for the user afid may bgtter
serve against specific flaws and weld joint geometries. Please see Appendix A for mere examples

2.6 Fourier and Hilbert Transforms

2.6.1 Time vs. Frequency Representation of Signals (Fourier Transferm)

The most natural way to display a signal is in the time domain. This miode of representation, also cglled
chronogram, describes the evolution of a quantity x, usually of-a physical kind, such as an eleftric
voltage or an acoustic pressure for example, as a function of a variable that is time t expressed in
seconds (s). Figure 2-40 shows three examples of time signals: an A-scan (a), an electrocardiogram
ECG) (b), and a piece of music (c).

Figure 2-40: Examples of time signals: (a) A-scan, (b)electrocardiogram (ECG)—(c) piece of musi(
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Image Courtesy of Evident Scientific, Inc.

2.6.1.1\\Frequency representation of signals

Another way of describing signals is to represent them in the frequency domain. In this mode of
CplUbCllld.liUIl, th vmiablc ib 110 1UllgCl LilllC, bul ﬁcqucuuy. FICL{UUIIL)’ ib LhU llulllbUl Uf occurrences
of a repeating event per unit of time and is expressed in Hertz (Hz), which is equal to one per second
(1/s) or also one event per second. For example, if a heart beats 120 times for one minute (60 s), its
frequency is equal to 120/60 = 2 Hertz (F_H=2 Hz). In the same manner, a musical note, an A for
example, corresponds to 440 beats per second, i.e., F_ A=440 Hz.

The widely adopted mathematical tool that allows the conversion from the time mode to the frequency
mode of a signal is the Fourier Transform (FT) formalized by Equation 1:

x(t) FT & X(f) (1)
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FT can also be used to highlight the frequency properties of some signals. This can be illustrated by
using the example of the piece of music in Figure 2-40 (c). Figure 2-41 illustrates the principle of using
a FT to identify the various frequencies in the music piece, i.e., the notes. The music score shown in
Figure 2-41 (a) is a sort of time-frequency representation of a musical signal. It gives a symbolic
representation of a melody (here a minute from Bach). As a musician read the partition from the left to
the right, the horizontal axis is the time. The vertical axis represents, for its part, the frequency of each
note, here 8 notes D-G-A-B-C-D-G-G, in that order, for 5 different frequencies (392 Hz for G, 440 Hz
for A, 493 Hz for B, 523 Hz for C and 587 Hz for D) Flgure 2-41 (b) shows the tlme representatlon

Flnally, Flgure 2- 41 (c) shows the frequency representation, also called spectrum of the mus1ca1 si
of the Figure 2-41 (b) obtained, thanks to the FT. All the notes present in the piece of ‘musid
identifiable thanks to the position of peaks in the spectrum centered on their respective. fréquen
The differences in the heights of these peaks also reflect the difference in the total duration of ead
the notes and thus the respective contribution of their energy to the signal.

complex signal can be described by two components, the modulus and the/phase. For the sak
simplicity, only the modulus of the FT, |X(f)|, is shown in this example and*is enough to identify
various frequencies.

[t may be confusing to notice that the temporal representation of a sighal requires positive and negd
frequencies. This is related to the intrinsic nature of the FT, the-tieoretical demonstration of whig
beyond the scope of this document. Nevertheless, it is important to remember that these nega
frequencies have no physical existence, which explains why:they are almost never shown on dedig
equipment, such as spectrum analyzers, for example. However, these negative frequencies pla
important role in the calculation of the Hilbert transform, the principle of which is explained in
following paragraph.

Figure 2-41: Time (b) and frequency (¢)'representation of a piece of music signal (a)
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2.6.1.2 Frequency Representation of A-scan

Figure 2-42 illustrates the principle of frequency description of signals applied to an A-scan. The FT
computation of the A-Scan signal x(t) leads to the spectrum X(f) from which it is possible to identify
some characteristics of the signal such as the central frequency, here of the order of 5 MHz, which
corresponds to the central frequency of the probe used to obtain this A-Scan, as well as the frequency
width, also called bandwidth, which depends on the characteristic of the probe and, to a lesser extent,
on the nature of the excitation signal. The identified central frequency could be retrieved directly from
the temporal oscillations seen on the time signal, thus illustrating the duality of temporal and frequency
representations.

[t is now possible to use the FT to introduce the notion of Hilbert transform which is used to-estimate
the envelope of an A-scan.

Figure 2-42: Time (a) and frequency (b) representation of an A-scan

x(t)

Chronogram:
Time—amplitude ...... Vv ey FPREY.Y PPPNREYT. L LY LW PP afiafla a S A A0 A0 A L > t ( !)
representation

l Fourier transform

X
S (6)
Spectrum: \
Frequency-amplitude |
representation
Hz
T s T f (Hz)
2 <5000 ~+5000

Image Courtesy of Evident Scientific, Inc.

2.6.1.3 Examples in NDT

The frequency representation of signals, and the Fourier transform that is associated with it, can be
useful for signal processing/Two examples illustrate this point:

2.6.1.4 Example #1: Signal Filtering

This kind of process)can be performed directly in the time domain thanks to a convolution operdtion
between the sighal‘to be filtered, x(z), and the impulse response of a bandpass filter, 4(?), and leads to
the filtered signal x’(?). process enables lowering the noise that is present in the signal, or in other wqrds,
increasing-the Signal-to-Noise Ratio (SNR), for example.

Considering the time-frequency duality, this filtering operation can be performed in an equivalent jway
in the frequency domain thanks to the multiplication of X(f), the spectrum of the noisy signal x(z}, by
() the transfer function of the bandpass filter. This operation is given by Equation 1:

X'(f) =X(f) x H(f) (1
where H(f) is the Fourier transform of /(z). Then the filtered signal, x ’(z), can be retrieved thanks to the
inverse Fourier transform of X’(f). Figure 2-43 summarizes this filtering process in the frequency
domain.
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Figure 2-43: Workflow of a filtering process in the frequency domain: Fourier transform of the noisy
signal (a)-Multiplication of the spectrum with the transfer function of the filter (b)-Inverse Fourier
transform of the filtered spectrum (c)

(a) (b) (c)

X5 X'
x(t)— FT x H(f) FT1 |——=x'(t)
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of the obtained filtered A-Scan is 6 dB higher than the SNR of the noisy A-Scan.

The Figure 2-45 illustrates all the filtering procedure: X(f), the spectrum of the noisy A-Sean x(t) is
multiplied by H(f), the transfer function of a bandpass filter to obtain X’(f), the spectrumdef the fil
A-Scan. An inverse Fourier transform allows then to find x ’(¢), the filtered A-Scan in the time don

As an exarnple Figure 2 44 shows a n01sy A- Scan (a) and the ﬁltered A-scan (b) obtained after applying

ered
ain.

Figure 2-44: Time representation of a noisy A-Scan (a) and a filtered A-Scan (b). In-this'example the SNR
of the filtered signal x’(t) is 6 dB higher than the SNR of the noisy/signal x(t)
x(t)

g

x'(t)
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Image Courtesy of Evident Scientific, Inc.

Figure 2-45: Frequency representation of the filtering process: X(f), the spectrum of the noisy A-ScarT of
Figure 2-44(a), is multiplied by H(f), the transfer function of a bandpass filter centered on the cent

al
frequency of X(f), with a bandwidth BW (a). The result is X’(f), the spectrum of the filtered A-Scan (b).
X (I
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Image Courtesy of Evident Scientific, Inc.
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2.6.1.5 Example #2: Probe bandwidth checking

Figure 2-46: Temporal A-Scan (a) and its spectrum (absolute value of the Fourier transform obtained
thanks to a FFT and for positive frequencies only) (b)
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Figure 2-47: FFT feature on the Olympus-MX2
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Image Courtesy of Evident Scientific, Inc.
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2.6.2 Hilbert Transform

2.6.2.1 What is a Hilbert Transform?

The Hilbert transform (HT) is a concept that demands a strong mathematical background, in particular
the notion of an analytical signal, which is the complex representation (model) of signals and their
spectrum. However, it is possible to have a more intuitive approach to this mathematical notion that
will allow us to see its relevance in the context of signal processing in ultrasonic NDT and in TFM
imaging.

The idea of a Hilbert transform can be applied to the time and frequency domains, which are the|[two
main representations of signals. There are many different uses for performing a Hilbert transfprm,
especially in the telecommunications field where this concept has been widely used for'years. [Chis
chapter uses the example of constructing an envelope in ultrasonics for NDE.

2.6.2.2 How Can Hilbert Transform be Used in NDT?

[n NDT, Hilbert transform can be used to get the envelope of a signal, such.ds’an A-scan. The A-gcan
signals encountered in NDT have the necessary narrow-band properties to‘be processed with a Hilbert
transform. The next paragraph will try to give an intuitive approach to this-Concept.

2.6.2.3 What is the Envelope of a Signal?

[n a general way, the envelope of an oscillating signal (or narfow-band signal) is a smooth curve, [also
called an instantaneous amplitude, outlining its extrema (maximum peaks). Under some assumplons
e.g., no phase inversion, zero-mean narrow-band signal)4tmight be possible to make a rough estinate
of this envelope by tracing its temporal trajectory.with a pencil, connecting successively the local
maximum peaks of the A-scan signal as illustrated, itv Figure 2-48. This work, which of course capnot
be done by hand, can then be carried out by an@utomatic procedure using the Hilbert transform. [[his
will be explained in the next paragraph.

Figure 2-48: Example of.a zéro-mean A-scan (blue) and its envelope (red)

|
\ \ /%

Amplitude

I'ime
Image Courtesy of Evident Scientific, Inc.

2.6.2.4 Why Represent an A-Scan Signal with its Envelope Rather Than in an RF Form?

The previous explanations were given with the assumption of continuous or analogue signals. In
practice, and to be digitally processed, signals are sampled, i.c., they are represented by a series of
samples collected at the sampling rate.
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Figure 2-49 illustrates the advantage of conducting estimates of the maximum value of an indication
on an A-scan as well as the temporal position of this maximum using the signal envelope instead of the
rectified version. The reason for this is that the amplitude and position of a local maximum, of the
rectified signal, is a function of the initial phase ¢ 0, which is not the case for the envelope that is not
dependent on this parameter. Estimation from the rectified signal usually leads to an under-estimation
of the maximum amplitude and a bias in its position estimation. This can lead to inaccuracies when
measuring thickness, for example.

One way to overcome this problem of inaccuracy would be to increase the sampling rate at the expense
OT greater algorithimic complexily (greater memory deptn required, laster electronics, eic.).] An
hlternative approach to improving amplitude fidelity is to apply the estimates from the envelope of the
A-scan signal obtained using a Hilbert transform.

Figure 2-49: (a) Rectified signal (A-scan) (blue) and estimated envelope of the same A-scan (red)—(b)
Details showing corresponding errors of both maximum amplitude and time position-estimation of the
maximum amplitude
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Image Courtesy of Evident Scientific, Inc.

A similar issue is encountered in the case of TFM images. As an example, Figure 2-50 shows two TFM
images of the same side-drilled hole (SDH) obtained with strictly positive amplitude values and signal
oscillation (i.e., rectified TFM) (Figure 2-50(a)) and with the TFM envelope applied (Figure 2-50(b)).
The same defect leads to the observation of several local maximums on the rectified version but only
one maximum in the case of the envelope image.
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Figure 2-50: Example of TFM images of SDH: with rectified (absolute value) TFM (a)-with TFM
envelope (b). Consequently, the occurrence of having several maxima is a challenge for estimating
accurately the position of the maximum value of an indication within TFM images. This issue is
illustrated in Figure 2-51. This point justifies having an interest in the construction of the envelope, in the
specific case of TFM images.

e

Figure 2-51: TFM images of a defect (SDH) showing a gap in the vertieal-position estimation of th¢
maxima amplitude. (a) In-phase TFM—(b) Quadrature TFM—(c) Envelope TFM

(a) {b)_ (c)
‘ ’
[0

Another benefit of using the-envelope is to mask the oscillations that are present in the A-scan ard in
the TFM reconstructed images. These oscillations do not provide any relevant information or] the
defects that we are tryifig to identify and image. They are largely due to the frequency characteriptics
of the probe, i.c., thé central frequency and bandwidth as well as the nature of the excitation sigpals.
These are parameters that are totally independent of the nature of the defects found in the part being
inspected.

Removing-these oscillations enables a better interpretation of the TFM image. On the one hand, it
avoids therambiguity of a rectified indication for which the presence of several local maxima caph be
interpreted as a spatial succession of several defects while only one true defect is present in the part.
Forexample, the TFM shown in Figure 2-50 (a) might be interpreted as two defects being imaged while

ﬂlv one SPH ¢ present m-the Dart Thm o]]n‘xro us-to-concentrate-on the nnnkmm n{-‘ fhn Aa{-‘nnfn rom
Y > is-Ppresentii—the-Ppa IeeRtrate-oR—tneahiarys TO!

~
-
-1 i 1 S i |

Image Courtesy of Evident Scientific, Inc.

+1

the envelope only. This leads to a more accurate estimation of the position and amplitude, as previously
demonstrated, without losing any relevant information. Figure 2-52 and Figure 2-53 further illustrate
two examples of indications with and without the envelope.
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Figure 2-52: Examples of an ID connected crack. TFM image on the left with envelope and on the right
without envelope.
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Image Courtesy of Evident Scientific, Inc.

Figure 2-53: Examples of a slag indication. TFM image-on the left with envelope and on the right without
envelope.
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2.6.2.5 Conclusions

The key points of using the envelope and the Hilbert transform for TFM image forming are as follows:

A Hilbert transform is a mathematical operator that shifts the phase of an A-scan signal x, (t) = A(¢) -
cos cos ¢(t) by —m/2 radians (-90°) resulting to quadrature signal xq (t) = A(t) -sin sin ¢(t) ;
From x;(t) and x,(t) it is possible to estimate the envelope A(t) of the A-scan from the simple

trigonometric expression A(t) ~ /x,z () +x5(t);

Response (FIR) filter or in the frequency domain with a Fourier Transform.

No information is lost by the Hilbert transform. Only the amplitude information is (retaine
reconstruct the envelope TFM. The phase is not used because it does not constitute rele
information.

Working from the envelope of a signal rather than its rectified version, for example is profitabl
two main aspects:

e This allows hiding the signal oscillations that do not provide releyant information to
formation of the images. These oscillations are not related to the*defects we are tryin|
identify but to the intrinsic characteristics of the probe, essentially the central frequency
the bandwidth, and to a lesser extent to the nature of the. excitation signals. No rele]
information related to the defect itself is lost using only the envelope.

e The sampling rate required to achieve the same amplitude’fidelity is much lower when wor
from the signal envelope than from the rectified signal.

[n contrast to these advantages, the envelope calculationiequires more computation and increase
algorithmic complexity of the TFM image reconstruction.

2.6.2.6 The Hilbert Transform is a Mathematical Function

understand that mathematics is a universal language that allows scientists and engineer

are actually tools. Just like a lathe,(oy'mill, they do specific things, and just like tools, once you k
and understand what they do, you can reach out to them for specific jobs and hopefully not hurt your
[n the frequency domain, thesignal x(?) is represented by its Fourier transform (FT) X(f). The Hi
transform of x(z) is then likea filtering process expressed as:

X(f)HT - H(f) - X(f)

with

H(f) = —j - sgn(f)

This is thetransfer function of the Hilbert transform.

[n Equation 3, sgn is the signum function that derives the sign of. As shown in Figure 2-54, a Hi

transform can therefore be seen as an all-pass filter. An all-pass filter is a signal processing filter
passes all frequencies equally in gain (cf. Figure 2-40 (a)) but changes the phase relationship an
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Figure 2-54: Transfer function of a Hilbert transform. (a) Modulus—(b) Phase
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Image Courtesy of Evident Scientifi¢, Inc.

Considering the principle of time-frequency duality, the Hilbert transform of a signal x(t) can be
in the time domain as the convolution operation:

x(t) HT =\ (h *x)(t)
where /4(2) is the impulse response obtained front'the inverse Fourier transform of the transfer fung

to implement a Hilbert transform in thextime domain directly.

2.6.2.7 Where the Hilbert Transform May Be Used

The Hilbert transform is a mathematical tool widely used in signal analysis, particularly in the fie
telecommunications. Within\this domain it is often helpful to give a complex representation of narf
band signals, i.e., with a very narrow spectrum (i.e., in Fourier space).

Then, we shall then fry) to associate a signal x;(t) with its quadrature counterpart, i.e., out of phas
-1t/2 radians (-90%),% (t) to form the complex signal:

xq(t) = x;(t) + jxo(t).
b, (1) is known as the analytical signal associated with the In-phase signal x; (t).

As an ‘exdmple, to illustrate this point in a simple manner, it is possible to use a pure sine sign
frequency fy:

bCen

4

tion

H(f) and * is the convolution operator. This impulse response can be approximated by a linear FIR fiilter

1l of

v () = cos(2af ) E)
I'\*"J \ JUTJ\=T

The spectrum of this signal, shown in Figure 3-41 (a), is the sum of two direct pulses centered on the

frequencies +f; and —f,. This signal is thus narrow band. The quadrature complement of x;(t),
out of phase by -7/2 radians, is therefore:

T
xq(t) =cos cos (27Tf0t — E) = sin(2rfyt)(7)
x;(t) and x4 (£) can be combined to form the analytical signal:
xq(t) = cosmfyt) + j -sin sin 2nfyt) = e/?mt(8)
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It turns out that the signal x (t) (Equation 7) can be obtained using the Hilbert transform of the signal

x;(t):

% (6) TH = x4(t). (9)

Indeed, the representation of the signal x;(t) in the frequency domain (see Figure 3-55(a)) is obtained
by the Fourier transform X;(f):

1 1
Xi(F) = 5-8(f + fo) + 5+ 6(F = £ (10)

Cccording to Equation T, the Hi
by:

1 1
Xo() = —j-sgn(f) -5 8(f + fo) =j - sgn(f) -5 6(f — foy (12)

S

ransiorm o1 A; , EXPressed mn

Xo(f) =H() - X (f) (11)

1 1
Xo(f) = 2—j-5(f—fo)—2—j-5(f+fo)-(13)

Equation 13 is precisely the Fourier transform of the sine signal x;, (£) (Figure 2-55(b)).

Finally, the Hilbert transform may be seen as an operator that enables narrow-band signals to be sh
in phase by -n/2 radians. The following paragraphs will demonstrate the value of calculating the signal
envelope in the context of NDT.

Figure 2-55: Pure sine signal spectrum. (a) cosine—(b) sine

¢ frequency domain, 15 gjven

fted

(a) X0
7N\
1 1
2 2
®) Xo(f)
T 1
2j
ol f
1
—2—}, v
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2.6.2.8 How the Hilbert Transform Can Be Used to Extract the Envelope of a Signal

The A-scan shown in Figure 2-42 is an oscillating signal, i.e., a narrow-band signal (also called a quasi-

sinusoidal signal). It can be modeled with the mathematical expression:

x;(t) = A(t) - cos2m fy t + @p) (14)
where f; is the central frequency, ¢, the phase at time =0, and A(?) the instantaneous amplitude,
the envelope. It is therefore possible to identify the argument of the sinusoidal function as
instantaneous phase of the A-scan signal:
QL) =<2m ot 1 Po-(15)
However, it is not possible to recover the envelope A(z) directly from x;(t).

by:
xq(t) = A(t) - sin(2m fo t + ¢¢). (16)

Figure 2-56: Detail of the In-phase signal xi(t)(original A-scan, cf. Figure 2242} (blue), quadrature
component xi(t) obtained thanks to a Hilbert transform (green), andhe envelope A(t) (red).

Amplitude

Time
Image Courtesy of Evident Scientific, Inc.

Figure 2-56 shows both x; (£)and x, (t), and the envelope A(2).

From Equations 17 and 18, an estimation A(t) of the envelope A(%) can be calculated with
exXpressions:

A(t) = A(t) = /xf(t) + x5 ()

= JIAQ®) - cos 2nfyot + o) 12 + [A(D) - sin 2rfot + ¢o) 12,(17)
A(t) = A(t) - \/[cos(anOt + @) 1?2 + [sin(rfot + ¢o) 12.(18)

remiembering the trigonometric identity\/ (cos a)? + (sina )? = 1. It can be noted that a Hi

1.e.,
the

On the same principle as for a pure sinusoidal signal, and because x;(t) is still a narrow-band signal,
its Hilbert transform leads to a -n/2 phase-shifted (quadrature) version which an approximation is gjven

the

bert
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@(t) thanks to the expression:

xq(t)

P(t) = atan[ (19)

x;(¢)

The latter is especially important for Phase Coherence Imaging in TFM, for example.
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2.6.2.9 How the Hilbert Transform Can Be Used for TFM Reconstruction

Any TFM image reconstruction scheme using an envelope adopts the same principle as above. Each

A-scan that composes the raw FMC (in-phase FMC, FMC(,) is then phase shifted by -n/2 radians

and

leads to the quadrature FMCj,. The Delay and Sum (DAS) algorithm, which allows the reconstruction
of a TFM, is then applied successively to the two quadrature FMCs to form two TFMs, also in
quadrature, i.e., TFM; and TF M. It is then possible to recover the enveloped TFM, TF M, from TFM;

and TFM,, as shown in Figure 2-57.

Figure 2-57: Computation of the envelope TFM from two FMCs in quadrature

FMC, FMC,
DAS DAS
TFM, TFM,
\ 4 A 4

/TFM,2 +TFM§

v

TFMg

Image Courtesy of Evident Seientific, Inc.

Note: Another alternative way to compute the TFM, with envelope would be to use directly the 2D R
transform from TFM;. However, the corresponding algorithm leads to a high complexity and i
cenerally used.

2.6.2.10 Computing a Hilbert Transform
Two main ways can be used to comipute the Hilbert transform: In the frequency domain and in the
domain thanks to a FIR filter that'can approximate a Hilbert transform.

[n the frequency domain the’Hilbert transform can be computed directly from Equation 1. Howevg
TFM imaging, it is not thejresult of the Hilbert transform as such that is of interest, but rathet

which the quadrature.component (obtained from the Hilbert transform of the In-phase componen
only one element!

However, thelanalytical signal can be calculated directly in the frequency domain. It can be shown
X, (f), thespectrum of the analytical signal x,(t), associated with the signal x;(t), is the one-s

of th&signal x;(t), as stated by equation 19:

lietz
not

ime

r, in

the

estimation of the envelope. The latter is derived by calculating the modulus of the analytical signal, of

t) is

that
ded

form (i €7, for which all components at negative frequencies are equal to zero) of X;(f). The specfrum

Xa(f) =2-€(f) - X (f)

20)
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Figure 2-58 illustrates the principle of cancelling the spectral components at negative frequency
signal X;(f) to produce its analytical version X, (f).

of a

Figure 2-58: (a) Modulus of the In-phase signal spectrum — (b) filtering function — (c) Modulus of the

analytical signal spectrum
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Image Courtesy of Evident Scientific, Inc.

FMC can be summed up in the operations illustrated in Figure 2-60 (a).
[t is also possible to calculate a time-domain Hilbert transform from the ideal impulse response A

transform and its inverse:
h(t) FT & H(f)

D2 It is expressed as:
xg(8) = (h*x)(t)
After sampling, an approximation of\&(t) can be obtained thanks to a digital Finite Impulse Resp

FIR) filter As an example, Figure'2<59 shows this impulse response for a type III generalized li
phase discrete Hilbert transformer of order 20 (i.e., 21 coefficients). In such approximation a +7/2 p

Figure 2-60 (b) illustrates,in a functional way, the implementation of the computation of the enve
of the TFM envelopefrom the FMC.

For more details en llow to synthesize an FIR filter for the Hilbert transform approximation in the
domain, it is suggested to consult the reference by Oppenheim and Shafer [9]. [10] [11]

shift, needed to obtain the gliadrature component from the In-phase component, is exactly realized.

From an operational point of view, the calculation of the envelope of a'TFM image, TF Mg, fron} the

) of

the transfer function of H(¥) given by Equation 21. As A(¥) and H(?) being related by the Foyrier

21)

The quadrature component, x, (t) is then obtained by a convolution operation described by Equgtion

22)

DNSC
near
1asc

Jope

ime
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Figure 2-59: Example of an impulse response for a type III generalized linear phase discrete Hilbert
transformer of order 20
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Image Courtesy of Evident Scientific, Inc.
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Figure 2-60: Implementation of the TFM envelope computation (a) In the frequéncy domain—(b) In
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3 TFMS

3.1 Synthetic Aperture Focusing Technique

The NDE technology known as Synthetic Aperture Focusing Technique (SAFT) comes from r:
technology of the late 1960°s. Some of the earliest work was being done in the early to mid-19

adar
70’s

(Fredrickson 1974). Later SAFT technology was studied by the US Government as a possible way to
inspect the heavy walled nuclear reactor vessels. The following was compiled from NUREG papers
(NUREG CR 3625-Busse 1984, NUREGCR4583V2-Doctor 1987, NUREGCRS5075-Hall 1988) and is

A public record.

3.1.1 Data Collection

Several data collection schemes can work with SAFT processing, some of which are not so diffg
from the techniques we use today in what would be considered more “modern” FMEmethods. Not3
at the time, there were 3 main data collection techniques described. Each has thé€ir own pros and d
They were Plane Wave, Zero Offset, and Complete Data Set. Additionally<{the early work expl
different pulse echo, pitch catch, dual, and tandem techniques, using either.immersion or direct con|
All of which can produce the required data. Because there are so many different data colled
techniques, for the purpose of this manual we will only consider one ‘of the older more “uniqy
SAFT” data collection methods. Zero Offset uses a single element transducer in pitch-catch.

The title, Synthetic Aperture Focusing Technique, is very deseriptive of the process. The imagg
user desires to create would require a large enough aperture that it would be impossible, or at
improbable, to accomplish. Instead, the user will employ*a much smaller aperture to construc
otherwise “synthetically” create a larger one.

To describe this technique, let’s start with an analogy using radar. If one was wanting to take an a
survey of a section of land that was 100KM?, distegarding modern satellite technology of course,
would load radar equipment onto an airplane;‘and fly a back-and-forth pattern across the landsg

h series of “shots” or pictures in a grid dike fashion. The individual shots could then be assembled
a larger map, which would represent'the entire 100KM? area, and therefore create a large eng
aperture, synthetically.

The above analogy is the most'basic formation of a synthetic aperture and is no different from hov
accomplish it in NDE. The,NDE user would select a single element transducer, using transmit
receive in pulse-echo, and-then follow a predetermined grid, using encoders for location and to p

sequence, such thatthe sound will be focused, at the entry surface of the component, or othen
having a defocusing effect within the part. The firing pattern itself would be established depen
upon things(like component geometry, desired lateral resolution, predicted flaw size, and so on.

As depicted in Figure 3-1, the search unit is scanned over the surface of the object. A series of A-s
are recorded for each position of the search unit. Each point like reflector produces a collectio
echoes within the recorded A-scans. This collection lies on a hyperbolic curve, the apex of whi¢

rent
bly,
ons.
bred
fact.
tion
c to

the
cast
, or

brial
one
ape.

The radar would transmit and receive signals at predetermined intervals, which in turn would prodluce

nto
ugh

; we
and
ulse

on position, across_the surface of the component. A focus would also be applied, by lens or firing

vise
Hing

Cans
n of
h is

tual

nfirels ﬂpppndpnf npnn the r]ppﬂ—\ ofthe pninf like reflector. The relationshin of the curve tothe a
I

depth of the reflector within the component makes it possible to reconstruct an image from the
data.
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Figure 3-1: Reproduced from NUREG CR 3625-Busse 1984
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3.1.2  Post Processing

After all the data has been collected, of which any giventechnique (e.g., dual, pitch catch, angle, tan|
ctc.) may be used, all the A-scans then must be. processed by sorting, comparing, averag
transforming, reassembling, etc., to generate an indage of the component. This is a job for an algori

We have already covered what an algorithm i previously in this book, but to reiterate, it is simpl
iterative quarry to the data and often described by a mathematical expression. A simple procedure,
specific steps, to provide the desired result of constructing the image.

The hyperbolic curve is predictablegiven the component velocity, and the depth of the indication.
actual depth of the reflector being equal to the apex of this curve (Figure 3-1). Being predictable
curve can also be corrected by:time shifting the A-scans, and then a summation takes place to cre
coherent point of data. Assemble all the points of data together, and you have built the image. Fi
3-2 is a visual representation of the process.

Figure 3-2: Reproduced from NUREG CR 3625-Busse 1984

Hem
ing,
hm.
fy an
with

The
the
ite a
bure

B
sz H 222222222522 =
PLesT171724] i
S S ‘\L'
RAW A-SCANS TIME SHIFTED SPATIAL

A-SCANS AVERAGE

U.S. Nuclear Regulatory Commission NUREG CR-3625

57


https://asmenormdoc.com/api2/?name=ASME PTB-15 2023.pdf

ASME PTB-15-2023: FULL MATRIX CAPTURE TRAINING MANUAL

3.1.3 Resolution

As with any imaging system comprised of a series of components, the weakest link will dominate the
systems resolution. For SAFT, there are two main elements that determine resolution: 1) The synthetic
focused aperture (scanning resolution) and 2) the transducer or probe (beamspread). Figure 3-3 provides

the illustration.

SAFT Lateral Resolution=2"20"1")

Probe T ateral Resolution=1 2

N,
a

Figure 3-3: Reproduced from NUREG CR 3625-Busse 1984
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U.S. NuelearRegulatory Commission NUREG CR-3625

probe resolution, therefore the’\SAFT resolution determines the system resolution. For shallow f]
the probe resolution dominates the lateral resolution. By equating the above formulas, we can deterr
the depth at which the Crossover occurs in the component. This is the rim.

RIm=2.44(5) (%) L (23
to: Or = 122

tan 6r :ﬁ (;—Z) (%) (24

Because the flaws have a greater depth, it is possible the SAFT resolution could become larger than the

aws
hine

This can also be-expressed in terms of the half-angle by the following equation, which is further redjiced

ides

Figure 3-4 depicts the use of different focal systems {2, f4, and f6 in an immersion system. F4 proy

% d bl 4 - A | bR | I b 24 A1l £, 1 41 % L 41
Lodivh uildil U CUHICVIUC Wi Lyquatiuil 25, Al 4l TOCUSUU UL UIU - CULTTPOUIIVITU SUltat v, - tivl

producing a divergent (defocusing) effect within the component.
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Figure 3-4: Reproduced from NUREG CR 3625-Busse 1984
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3.2  Virtual Source Aperture

Virtual Source Aperture (VSA) is an acquisition scheme that has been derived from medical imaping
and is related to Synthetic Apertur€;Focusing Technique (SAFT). Medical imaging borrowed

technology from radar and sonar applications in its development. In its best-known implementations, it
is a close relative to PWIL.

The basic principle is that amultrasonic array is transmitting to produce a wavefront that is shaped ps if

it is coming from a point source behind the array (Figure 3-5). Reception is done with the TFM imaging
scheme.

Figure 3-5: Prificiple of VSA. Array elements are excited with a delay lay to produce the intended
wavefront, as if coming from a virtual source.

Virtual Source
™ -

Actual wavefronts from
array elements

Intended Wavefront

59


https://asmenormdoc.com/api2/?name=ASME PTB-15 2023.pdf

ASME PTB-15-2023: FULL MATRIX CAPTURE TRAINING MANUAL

As mentioned in the first paragraph, VSA was developed as an addition to SAFT. SAFT, in its simplest
form, consist of a single element transmitting, in combination with detection at multiple locations, to
produce an image with a higher resolution, with an increasing number of receiver locations. The SAFT
image is produced in post-processing. FMC/TFM can be considered a generalization of SAFT where
transmission is now performed using an array, and reception is performed with the same array (in fact,
one of the early names for FMC/TFM was multi-SAFT).

With VSA, the elements in an array are pulsed to produce a wavefront as if it had occurred from a point
some distance behind the array. This is typically repeated from several virtual source points. In this

ay, the imaging path can still be considered t0 be Trom a point like source and received by a pointlike
receptor. The TFM imaging scheme can be used unaltered in this way. The benefit is that anulfiple
elements will be firing, increasing the transmission energy, and thus increasing the signal-tosneise rhtio.
[n NDT, this is especially important for the inspection of thick or scattering materials, dike austehitic

omponents. The image resolution will depend on the number of firings and how the ‘virtual soprce
points are located.

hen applied, VSA and PWI are very similar, as a virtual source point at a largedistance will progluce
a wave front that approaches a planar shape. The advantages and disadvantages$ are also very sinfilar.
Advantages are a larger SNR and less transmissions, resulting in faster dagpection and a reductign in
he amount of data. The image resolution approaches basic FMC/TFM. VSA also comes with
disadvantages. As all elements of the array are fired according to a delay lay, this results in a Iqrger
dead-zone compared FMC where only one element is fired, as-data collection is not effective while
clements are firing. Additionally, VSA is less omni-directional‘than FMC, and thus more sensitiye to
defect orientation. In complex situations more virtual sourcepoints will be needed because of this. [ 12]

3.3 Migration and Inverse Wave Extrapolation (IWEX), crossover between NDT and
Geophysics

3.3.1 History of Migration in Geophysics

Migration is a term that originates fromigeophysics and seismic exploration. In that field, it refefs to
he various processes that can be used.té translate the information in a time-domain signal (an A-fcan
n NDT, which is called a shot-record in seismic exploration) into geometric information. It i§ not
entirely clear where the term_mhigration comes from. One explanation is that it refers to finding the
location to where oil migratesy(at the top of the oil reservoir), such that the place where drilling shpuld
ake place can be identified, i.e., finding the highest point of the subsurface layer in which dil is
expected. Recorded indications are moved from the position where they were originally detected|to a
orrected position with' respect to the detected underground geometries such as layers, faults, and| salt
domes.

Some of the.idiosyncrasies of migration-based NDT methods are a result of the fact that geophysigists
are solving.a-different problem than NDT scientists. Geophysicists necessarily start with much|less
knowledge about the nature of the object they are investigating. They commonly do not khow
beforehand the location of the subsurface boundary layers and the propagation speed of the acoystic

aves. These properties must be estimated from the measurements. In general, the model off the

nbsurface Tsassumed to consist of tayers—Earty processing was of temrdone by tayer—Additiomatty, the
boundaries between layers are assumed to be diffuse rather than abrupt, with the consequence that
sound is more likely to be scattered at the boundaries than reflected. Finally, a geophysics problem is
always three-dimensional, whereas NDT use 2D models. As a result of the nature of the problem the
geophysicist is trying to solve, the formulation of theories tends to be more fundamental and
mathematical than what we are used to in NDT (excluding the exceptional case).
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Migration was proposed as early as 1921. Seminal contributions were made by:

Frank Rieber in the 1930s, who made predictions of received signals based on model of the subsurface,
assumed diffraction signals (the result is conceptually comparable to the TOFD B-scan image), and
constructed array receivers for directional reception of indications (conceptually comparable to S-scan
Phased Array reception).

Mendel Hagedoorn in the 1950s, who used geometric models for predicting the location of subsurface
features (conceptually comparable to using a hyperbolic cursor in TOFD) and contracting received
signal curves into their proper point of origin (conceptually comparable to SAFT). This was later
gXpanded to the Kirchholif method, which is based on Huygens principle (the same on which Phpsed
Array instruments are based).

Jon Claerbout in the 1970s, who made the first rigorous mathematical formulation for using-the wave
cquation for imaging. Downward and upward waves are independently modelled and,coupled by
something called “the imaging condition”. In essence, a computer model is used for, calculating the
wave form traveling through the material, taking into account the subsurface<géometries alr¢ady
detected in the information received up to the point where the wave has travelled:

Another conceptional step was made when wave propagation models were Fourier transformed int¢ the
frequency-space domain by Bob Stolt, which made digital processing of©€emplex 3D data much rhore
cfficient. This developed into wavenumber-space and frequency-wavendmber algorithms, comparable
to the wavenumber algorithm in NDT.

Seismic exploration has been more than a few conceptual steps-ahiead of ultrasonic NDT. Considdring
that there are some similarities to the two disciplines—both try.fo'find features in materials with thq use
of acoustic waves—it is only logical that a crossover from.seismic exploration to NDT has happ¢ned
several times. These crossovers have been called migration approaches, taking their name fronj the
field in geophysics. Migration refers to an evolving field of nearly 100 years, but it is impossible topin-
point a distinct single migration theory in NDT, and we must go by examples.

Figure 3-6: On the left, a seismic shot record. On the right, ultrasonic NDT data displayed in the way
customary in seismic exploration

source number: 40

timne in (ps)

receiver number

Image Courtesy of Niels Portzgen
3.3.2 Examples of crossover between geophysics and NDT

One of the most influential groups in geophysics is the Delphi consortium located at Delft University
of Technology in the Netherlands. Its founder, Guus Berkhout, did not work only in Geophysics; he
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also supervised a handful of PhDs in NDT. Naturally, these made use of the conceptual lead of
Geophysics, but did so with the disadvantage of not having equipment for NDT with the same lead.
Maarten Lorenz, in his 1994 thesis, expanded the concept of SAFT into what he called multi-SAFT.
He moved a two-probe SAFT arrangement and collected a full matrix of data manually. In the process
he made the full mathematical description of what we now know as multi-mode TFM.

Niels Portzgen expanded on the work of Lorenz, updating it for the next generation of geophysics
algorithms (in the wavenumber domain) and with the benefit of an array controller. This work became
the IWEX algorithm in NDT. The cross-over between NDT and geophysics in Delft is continuing, with
Work on guided waves tomography periormed by ATno VolKer.

This is far from the only example of a cross-over between Geophysics and NDT. The group!of Karl-
Joerg Langenberg at Kassel university in Germany worked on Kirchhoff migration in NDT in| the
1990s. Ewen Carcreff, at Le Mans university, referred to the work of Bob Stolt, which'vesulted|in a
0014 PhD thesis. Sabine Mueller et al. at BAM in Berlin similarly referred to Geephysics papefs in
their backpropagation approach. Other examples can be found elsewhere.

Geophysics is not the only cross-over discipline for NDT. NDT also used knewledge out of sonarfand
radar research (SAFT), particle physics (TOFD and Born scattering), as wellas medical ultrasoung.

3.3.3 Difference Between Basic FMC-TFM and IWEX

[n discussing the difference between IWEX and basic FMC/TFWM,, it must be realized that both yere
modified multiple times after their introduction in literature. The) IWEX algorithm is derived fronj the
full wave equation using the Born approximation (without taking multiple scattering into accoyint),
whereas TFM is derived as an extension of existing congepts for focusing as applied for phased grray
inspection. The resulting image has been shown by Wilcox to have the same phase information] but
slightly different amplitude because of the differences in the coefficients used. For practical purpgses,
the two approaches can be considered equivalent;*Some authors have reported that migration-based
algorithms have a better resolution and contrastthan basic TFM (Carcreff 2016 and Hunter 2008)

To explain IWEX in detail we need to start‘with the wave equation (Portgzen, 2007). In NDT, a sipgle
A-scan represents a measurement of a reflected wave field in a single location, caused by a seconflary
source, such as a defect. According.to fundamental wave theory, a source (e.g., a defect) can be
reconstructed from measurements of the entire wave field. Wave fields can be extrapolated forwatd in
time and space. For example,«the wave field caused by a stone thrown into the water can be predicted
later in time by extrapolating measurements earlier in time. The result would be a weaker and bipger
circular wave field further-away from the position where the stone was thrown into the water (i.e.} the
source location).

The opposite is also)possible. The wave field can be extrapolated to positions where the wave field
passed earlierinitime than when the measurements were taken. This process is called backward or
inverse wavefield extrapolation. The result is a stronger wave field closer to the source. With|this
process, all-propagation effects can be eliminated so that the wave field converges at the location of the
sourcetand at the time when the source was activated. Propagation effects from the source tq the
imaging point, and from the imaging point to the receiver are removed using the Rayleigh II integral.
[f\the source was a secondary source, the strength of the inversely extrapolated wave field equalg the
reflectivity of the secondary source multiplied by the incident wave field. By taking these propagation
and reflectivity effects into account in the imaging, the image is composed more correctly with respect
to the amplitudes in the image.

3.3.4 Data Displays Used for IWEX

Depending on the algorithms used and processing, the image can be displayed including phase
information (typically in grey scale, similar to a TOFD image) or using the envelope (typically in color
scale, similar to a phased array image).
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Figure 3-7: Part of Figure 4.8 from thesis Niels Portzgen, 2007
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Image Courtesy of Niels/Pontzgen

An attempt to combine multiple image modes into*gne display used different colors for the diffq
image paths, while the amplitude is shown as brightness (intensity) (Deleye et al. WCNDT 2012).

Figure 3-8: Example of an FWEX image combining multiple modes
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Image Courtesy of APPLUS

rent

The color scale was expanded with a grey scale (from [1ght grey to black) to improve the visibility and
contrast of low signals just above the noise level, with a visible separation between signals below and

above a given threshold e.g., at 20% amplitude (Horchens et al. ECNDT 2018).
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Figure 3-9: Example of a typical IWEX image showing expanded color scale
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[n addition to the IWEX images in the plane under the probe(s) the datatcCafi also be presented in
different views along the scan direction to support the evaluation of“the data. These views| are
constructed from the same three-dimensional dataset e.g., top view, side’view and selections like trip
charts (cap, volume, root). A three-dimensional view can also be constructed.

Figure 3-10: Example of multiple modes / views, including a 3D image
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Image Courtesy of APPLUS
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3.3.5 [Electronics Hardware

Instead of focusing individual beams at each grid point, TFM and IWEX use A-scan data collected for
all transmitter-receiver combinations (FMC). This results in significant amounts of data to be collected
and processed. Originally the data transfer and processing were limited so the processing had to be
performed off-line. IWEX dedicated electronics hardware was designed to facilitate real-time parallel
processing of all receiver channels into an image format (patented) without the need to transfer the
A-scan data to the computer. This also facilitated the simultaneous creation of images for multiple

image paths from the same FMC data. Further developments and improvements on processing

and

processing speed are ongoing.

3.4 Iterative TFM

addressed by these developments include accommodation of a variable inspection geometry

manufacturers and research institutions have labelled both as “Adaptive” TFM.The problem then a
that these are two different applications requiring two different solutions.“Applying the same lab
two different processes will inevitably lead to confusion and mistakes.~To prevent this problel
realignment of descriptors for the two processes.

With reference to the body of knowledge that defines the study of Control Systems, it is appropria
apply the term “Adaptive” to the ability to address changes;in’ material property, i.e., solutior]
anisotropic material inspection. It is recommended to use.the term “Iterative” in place of the
Adaptive when discussing solutions addressing variablesinspection geometry. Thus, the proces
[terative TFM is described in the following section.

Conventional FMC-TFM operates under implicit assumptions that the inspection interface surfa
testing, most often with an angled contact wedge, and the ability to define the transit time from

possible when applying these assumptions. As the characteristics of the interface surface depart
the assumed conditions, the quality;of the TFM image will degrade to the point where effeq
inspection capability is no longer-possible. Iterative TFM may be a solution in these cases.

[terative TFM is the term usedto*describe the variant of the TFM beamformer where the TFM algor
is applied sequentially two or'more times to form the image of the inspection volume. Iterative
can be effective where;

The interface surface.is irregular or otherwise unknown. Examples of this case can include as-we
surfaces, repairs, ‘and formed products.

The interface surface geometry varies over the length of the inspection region. Examples of this inc
fittings and ‘other complex surfaces developed via various processes.

The interior surface and the interface surface are nonparallel in the region of the inspection.
Situation Can occur on conical inspection geometries, tapers, and castings or eroded surfaces.
[nspection of articles containing two or more materials.

element to each node or pixel in the inspeetion volume. Real time imaging of the inspection Volule is

Recent advances in TFM beam forming strategies have resulted in new, powerful capabilitics. Areas

and

inspection of anisotropic materials by detection and correction of the effects ef)anisotropy. Sysfems
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The iterative TFM process can be applied to any refractive or reflective surface. The generic iterative

algorithm process is found in Figure 3-11.

Figure 3-11: Generic Imaging Process for Iterative TFM
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Image Courtesy of Ontario Power Generation, Inc.

[n the case of the irregular interface surface, data is usually collected in immersion mode or,
frequently, with compliant wedges. In these applications, the first iteration of the TFM beamfot
creates an image‘efthe interface surface. A surface detection algorithm is then applied to defing
coordinates of the interface surface. Edge detection algorithms are an extensively developed bod
nowledge.Many texts are available to explore this area in detail. Various algorithms can be used
s peak.detection, threshold, phase congruency, Sobel and Prewitt, and Laplacian of Gaussian (L
o listaxfew. A frequently used algorithm is the Canny edge detector. The majority of edge deteq
ethiods will identify the leading and trailing edges of the signal envelope, see Figure 3-12. Bec
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Figure 3-12: An example of an edge detection process identifying leading and trailing edges of a TFM

image. The image itself has been removed to enable view of the detected edges.
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Image Courtesy of Ontario Power Generation, Ine:

The Canny algorithm is a general-purpose detector that is robust and stable with respect to image n
and amplitude fluctuations. The Canny detector identifies, thé inflection point on the leading edg
the signal envelope. The detected point on the surface-corresponds to the maximum slope of
envelope leading edge. The inflection point will be stable with respect to envelop ampli
fluctuations. It is very important to establish the rélationship of the inflection point to the time
calibration of the system. This is usually achieyed by establishing the offset between the ch
reference point on the signal (departure frombaseline or signal peak) and the inflection point of
signal envelope leading edge. The relationship is typically represented as a calibration parameter.

The coordinates extracted by the detector-are used in the process of solving for the transit time if
next iteration of the TFM beamformer. The longitudinal wave velocity is used in this calcula
because it is the direct longitudinal wave artefacts that arrive first.

Solving for the transit time cafibe conducted in either of two ways. The first is the application of Sn
[Law based on the local geometry (as determined from the extracted coordinates). The second me
is the application of the Fermat Principle. The Fermat Principle states the true path from an em
through an interface(to)a specified point in the second media is the one that transits in the least t
The problem then‘beécomes solving for the shortest transit time. This is done by sequentially sol
the transit time-fe;-each point in the interface in the region of interest and then to the point in the seq
media. A curve fit is applied through the transit times calculated and the minimum is identified.
minimumsmay reside between two of the transit time values calculated. Consequently, the true g
would bedocated on the interface between the two corresponding points explicitly calculated.

Thé-Snell’s Law method is computationally fast, but it suffers from sensitivity to error or uncertd
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in'the coordinates of the detected surface. The Fermat Principle is computationally intensive (slow

er),

but it is much less sensitive to noise and can provide greater accuracy when evaluating the flight time
to a given pixel in the imaging region. The Snell’s Law method works well when the image of the

interface surface can be relied upon to be smooth with low noise. The Fermat Principle
accommodate surface roughness or other disturbances such as air bubbles in the interface image.

can

Regardless of the method used to determine transit time, a second iteration of the TFM beamformer is

used to image the region beyond the interface. This completes the second iteration cycle.
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In principle, a third and fourth iteration can be implemented following the steps described above. These
iterations can use shear wave velocity in place of longitudinal wave velocity or could use the
coordinates of the interior surface to solve the transit time for indirect (reflected) modes. In practice,
however, the FMC data set will include artefacts in a variety of wave modes and interactions. The
artefacts are often imaged as spurious indications or combined to reduce the overall signal-to-noise
ratio in the image. Other issues may arise because the fidelity of the image construction is also a
function of the errors in the previous iteration. Errors can rapidly accumulate iteration over iteration,
limiting the practicality of using several iterations. The user should assess the image quality when

Lot +la P it 41
AP PTY TS TITOTCUTAaIT tvw O~ TTCT AtTOTTST

The case where the interface surface is flat, smooth, and regular while the interior surface is uhknpwn
and/or variable is easier to address. The first iteration of the TFM beamformer images the intetior repion
inclusive of the interior surface. The edge detection algorithm then identifies the coordinates of the
interior. The user has the option of using the Fermat Principle or simple geometry, to determing the
correct flight time to a pixel in the search region. The choice is influenced by the qGality of the int¢rior
image and returned interior coordinates. The second iteration of the TFM beamformer can apply
longitudinal wave velocity when imaging via indirect paths or Shear wave velgeity when searching for
indications sensitive to mode conversion. The same caution should be applied as in the previous dase,
that is, spurious indications can be imaged via other wave mode \intéractions. Confirmatiop of
indications should be obtained via direct longitudinal wave imagingwhere possible.

3.5 Adaptive TFM-A Framework

At times, some confusion exists between the terms Adaptive TFM and Iterative TFM. Adaptive TFM
is differentiated from Iterative TFM in the following way. Fundamentally, Adaptive TFM alters an
established model of a material based on informatigiderived from the FMC data set before applying
TFM beamforming, whereas Iterative TFM applies\separate cycles of the TFM beamformer to identify
and accommodate changes in specimen geometty. The changes in geometry may be located at poth
reflective and refractive interfaces.

TFM beamforming capabilities are challenged when applied to anisotropic materials. The difficullties
arise from two principal conditions. The first is the velocity dependency with respect to the path tagken
to the reflector. Summation under these conditions leads to poor reconstruction of the reflector image.
The second is the difference between group and phase velocities that can arise in anisotropic mateifials.
Differences in group and phase velocities result in the signal phase no longer coherent with the grpup.
The TFM beamformer relies upon summation of the analytic waveform enabled by the Hilbert
transform. The assumption underlying TFM is the phase always remains coherent with the gfoup
transmission. If the.signal phase varies within the group envelope, the TFM signal summation [will
provide poor performance.

Adaptive TENIs useful when the material longitudinal and shear wave velocities are not known tg the
required degree of accuracy and/or are variable with respect to location and time within the speciten.
This sifuation describes the challenge imposed by materials where anisotropy is induced by
environmental factors (heat, temperature gradients, molecular uptake, radiation, etc.) and stress.

3.5-1 Bao;\, Pl ULLTIS
Adaptive TFM is implemented as follows:

1. Acquire the FMC data set.

Evaluate the FMC data set for parameters associated with material properties.
Associate the identified parameters with a model of the material.

Update the distributed parameter model.

Apply the TFM beamformer.

Nk w
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A diagram of the Adaptive TFM process is found in Figure 3-13. This diagram shows inputs to the Path
Dependent Adaptation — Material Anisotropy Distribution Model loop. Principal inputs are obtained
from the Metallurgical Study—Christoffel Matrix segments and the Signal Analysis segment. These

segments are described in the following section.

The FMC data set can be acquired in conventional methods such as contact testing or local immersion
testing. Nothing unique exists in the data collection process for Adaptative TFM to distinguish it from

conventional approaches to FMC/TFM. Selection of transducer parameters may, however,
influenced by the material model developed to describe the inspection region.

main portion of the adaptive loop.

Metallurgical Pmdlﬂ-we
P Material
l ¥ Maodel
l 1
|
|
]
Christoffel Matrie . |
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Material
Path : [
Dependant. |—+ i il 9 Wi
l Adaptation
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—
l byl PVFM’:UEW

Image Courtesy of Ontario Power Generation, Inc.

3.5.2 Metallurgical Study

A detailed metallurgical study.ef the material(s) to be inspected is required before a suitable model
be developed. The objectives of the study are twofold: The first is to establish the range of veld
with respect to directiofi for the material beginning with its nominal state to the fully anisotropic s
This requirement applies to Longitudinal and Shear wave modes. The second objective is to deter]
the direction andtrate or change of anisotropy (gradient) with respect to the sample’s geometry.
oradient and ¢otential changes in gradient anticipated over service life are inputs to the m
Alternatively,)if the properties over the range of states have been determined based on other eff]
then a predictive or statistical model of the material can be applied in lieu of a metallurgical study

3.53)" Material Anisotropy Distribution Model

be

Figure 3-13: Block diagram of a generic Adaptive TFM process. The diagram also shows inputs to the
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parameter model is developed based on the maximum gradient of anisotropic characteristics identified
in the metallurgical study. The model cell size is determined by the step that would induce a change at
the detection threshold assuming the cell is in the region of the maximum gradient. The cell attributes

are the key parameters obtained as solutions from the Christoffel matrix (discussed as follows).
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Anisotropic properties can arise from the operating environment by the introduction of a foreign species
into the matrix of the target material. The concentration of foreign species can vary over time with
exposure and can similarly vary in distance along the target component. Anisotropic behavior may
propagate over time to eventually reach a state of equilibrium. Similarly, the anisotropic gradients can
vary over time with exposure to the same environmental factors. The model is required to accommodate
the range of anisotropy from the initial state to the maximally anisotropic state. The size and the spacing
of the cells in the model will be determined based on the gradients in anisotropic properties. Figure
3-14 presents a hypothetical configuration for a model of a weld sensitized and exposed to anisotropy

s q .
llluu\allls DP\/\.«I\.«D-

Figure 3-14: Framework for a distributed parameter model of a hypothetical configuration
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| wariable anisotropic charactenstics
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Image Courtesy of Ontario Power Genefation, Inc.

3.5.4 Material Properties and Wave Propagation in an Elastic Media

The general form of the elastic wave equation is:

2 2
250 _07¢
d0x?  0t?
Furthermore, it can be shown that the material characteristics are related to wave propagation by:
0%2p 0%¢
Elp— ==
/P oxz = 52
Or
)
dx2  9t2
Where:

E is the Tensile‘modulus
G is the Shearymodulus

p is the mafcrial density
The following relationships are established based on the previous equations:

Vv, =V(E/p)

and

Vs =V(G/p)

Where:
V1 and Vs are the Longitudinal and Shear phase velocities, respectively. When the material properties

are constant with respect to direction, i.e., isotropic, the phase velocity is the same as the group velocity.

In practice, the velocity measured is typically within a range of:
0.995 < I}, < 1.005
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Processing methods, heat treatments, marginal changes in alloy content, etc., often account for a
nominal variation in velocity.

3.5.5 Cauchy Tensor, Christoffel Matrix, and Key Velocity Parameters

The Cauchy tensor or Cauchy matrix is an effective tool to represent the distribution of the mechanical
properties of the material. Based on the information derived from the metallurgical study, a
representation of the material can be expressed in the form of the Cauchy tensor; see Figure 3-15. In
the case of isotropic materials, the material properties are constant with respect to the direction. The
Tensile modulus values are all equal, i.e., T1 = T> = T3 and the Shear modulus values are all equal|i.e.,
S12 = S21 = Si3 = S31 = Sz23 = S3». In the case of anisotropic materials, in general T # T, # Tz-dnd"§1» #
S21 % S13 # S31 # Sas # Sao.

Because the relationship between the moduli and corresponding velocities has been established, [it is
possible to derive a representation for the Longitudinal and Shear velocities as a function the Tempsile
hnd Shear moduli values of the material. In the case of the Shear wave, we need t0 also account foy the
polarization for each Shear wave vector. The resultant representation is constructed in a notation knpwn
as the Christoffel matrix. The inspection plane is not necessarily aligned with'the principal axis of the
Christoffel matrix and may be displaced by an arbitrary angle to the basi$-of the Christoffel matriy. As
the material properties evolve with increased exposure to anisotropycinducing species, the Christpffel
representation will change in a similar manner. In other words, the(Christoffel matrix represents|one
state of the material properties.

Figure 3-15: Cauchy tensor depicting tensile and shear vectors associated with a unit volume. Righf—
matrix representation of Cauchy tensor

Image Courtesy of Ontario Power Generation, Inc.

3.5.6 The'Slowness Surface, Slowness Curves

Slowngss’surfaces and their corresponding slowness curves are an effective means to visualize phase
and-group vectors. Phase slowness is defined and the reciprocal of phase velocity. The faster Wave
maode is closer to the origin than the slower wave mode. Wave slowness can be plotted as p 3-
dimensional volume. These 3-dimensional shapes are known as slowness surfaces and can take on a
variety of shapes, generally modifications of ellipsoids and spheroids and in unique situations can fold
in on themselves. Slowness curves represent the phase velocities for a plane passing through a slowness
surface. Nominally, the planes are on the primary axis of the coordinate system i.e., the XY, XZ and
YZ planes.
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Figure 3-16: Examples of phase slowness curves, left—isotropic materials where the velocity remains

constant irrespective of direction, right—anisotropic where velocity varies with direction

- i
N Qe

Image Courtesy of Ontario Power Generation, Inc.

3.5.7 Group velocity and Phase velocity

There are four parameters that need to be determined when addressing’anisotropic materials. These

The phase vector
The phase velocity
The group vector
The group velocity

The phase vector is an independent variable representing a direction through the material. The gi
vector is the Curl of the phase velocity, with the direction normal to the phased velocity slowness cy
[n practice, the phase vector represents the.direction of wave propagation, and the group vg
represents the orientation of the wave fronf.)Based on expansion of the Elastic Wave equation in
dimensions, the phase velocity within thé-media can be expressed as:

V,=w/k™

Where:

(0 is the angular frequency expressed in radians/s,

[k is the wave number vector expressed in radians/m

This relation holds for'both the Longitudinal and Shear wave modes when the vector quantity k.
The group velocityis defined as:

Vy =V w

The vectors*and magnitudes for both phase and group can be visualized when plotted on a slow|
curve as‘found in Figure 3-17.
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Figure 3-17: Phase and Group velocity vectors plotted on a slowness curve. The magnitude of the change

has been exaggerated for the purpose of illustration.

Vi
1V,

el

=l

Image Courtesy of Ontario Power Generation, Inc.

3.5.8 Detection of Anisotropic Characteristics

[n most situations, it is the group velocity that is observed in the UZ \data acquired by the insped
system. The group and phase velocities are equal when the material is isotropic (within a given pl
or at the maxima and minima of the phase velocity. These conditions are known as stationary po
Under conditions where the phase velocity is not at a maxima or minima, the difference in p
velocity versus group velocity is observed as a shift in the.signal phase with respect to the group.

longitudinal mode that is influenced. The detection strategy should isolate the most sensitive mod
obtain reliable estimates of material anisotropy.

[Longitudinal group velocity measuremeénts are typically obtained via autocorrelation techni
spanning a known distance. These measurements provide group velocity and phase vector dired
information. Similarly, shear wave group velocity can be measured relative to longitudinal g
velocity along the same path via-autocorrelation, provided that no phase alteration occurs relatiy
the group.

The velocity ratio betweenthelongitudinal and shear wave modes can be used to enhance the sensit
of anisotropic property” detection relative to detection of change in one constituent velocity.
situation where the( tensile and shear moduli change in opposite directions is common. T
occurrences have a/ corresponding effect on longitudinal and shear wave velocities. Changel
properties are;more readily detected when monitoring the ratio between the two modes.

Another avenue to evaluate the localized changes in wave propagation properties is to detect
measure’the amount of phase displacement within the group. A reference signal and target signa
chosen;and a Fourier transform is applied. The difference in the weighted phase component of the
signals provides the angle between the phase vector and the group vector. The phase velocity rels
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detection of anisotropy is dependent upon the nature @f the effect and is specific to the material. In
some materials it may be the shear component that iS\most affected, yet in other materials it may b¢
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Figure 3-18: Sample, left with normal beam A scan response center. Note the phases remain consistent in
each multiple.
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Image Courtesy of Ontario Power Generation, Inc.

Figure 3-18 shows a hydride, anisotropic sample on the left and the r ng A scan in immergsion
mode. Note after the interface signal, the first reflection is the refefenice signal. All other echoes
following have the same phase-group relationship as the reference signal.

Figure 3-19: Sample, left, A scan response center. Note the pha@?f the initial response is the same ps
Figure 3-18, whereas the phase is changed in subsequent@ Is. This behavior is indicative of

N anisotropy. §
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@O Image Courtesy of Ontario Power Generation, Inc.

Figure 3-19@\;@ the same scan file, but the A scan at the center represents a pitch-catch configurafion.
The sca @n ains L-L signals as well as L-S signals. Note on the reference signal the first L-L refledtion
266 same phase-group relationship as found in Figure 3-18, but subsequent L-S signals

retain
dem;%rate a marked change in phase-group relationship.

3.5.9 Path Dependent Adaptation Process

Results from the detection process for a given cell are applied in an equality with the corresponding
variables in the Christoffel matrices, e.g., L wave phase vector, L wave group velocity, group to phase
vector angle, etc. The Eigen vector solution identifies the orientation of the Christoffel matrix
applicable to that cell as well as the state corresponding to the degree of anisotropy developed. Each
application will have different degrees of freedom arising from the material properties. Due to
symmetry in the Christoffel matrix, more than one potential solution may be valid for the cell. Further
evaluation (input) is necessary to resolve conditions where symmetry is encountered.
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3.5.10 Model Evolution

The process begins at a location on the inspection sample that is assumed to have known properties
nominal material characteristics. The model is updated or adapted by evaluating the unknown

1.€.,
cell

immediately adjacent to the known region(s). The process solves for the orientations and magnitudes
of the phase and group velocity and vectors in the cell in question, assuming a wave form transiting
through both known regions(s) and the unknown cell. Note that a single measurement is insufficient to
enable the determination of parameter values. More than one point on the slowness surface could
provide a valid solution. The solution must be constrained by providing a separate estimate of

complementary parameters and/or from an independent path through the same cell. This evaluatien
be derived from the same wave mode transiting at an angle that is separated in direction from'the
or via a complementary wave mode when the relationship between the two wave modes is knowr
the cell is evaluated and found to have characteristics corresponding to the known regioiy; then the|
is subsumed into the known region and the model is deprecated. Where a cell is distingtfrom the kn|
region, the model is updated to the parameter values determined in the Path Dépendent Adaptd
process.

The cell adjacent to the one that has been resolved is evaluated next..The” process repeats u
parameters from the base material and the resolved cell, combined with parameters obtained fron
FMC data set to determine the properties of the new cell. If the cell parameters are unique, the cq
retained as an individual entity. If the parameters correspond to adjacent material, then the cd
subsumed into the neighboring adjacent structure. In this manngr, the model progresses from a
structure containing many small cells into a structure with‘fewer but larger cells. The behavid
merging cells mimics annealing in materials when exposed:te high heat.

3.5.11 Degrees of Freedom

As described above, several independent paths-through the cell under consideration are neede
identify parameters linked to material characteristics. Paths are considered independent when the
not traverse parallel or near parallel vectors;yor of different modes; see Figure 3-20. This requirer]
places constraints upon the transducer pitch—array size, the specimen geometry, scanning pattern,
any scanning constraints that may be.enhcountered. If the material properties are highly sensitiy
direction for all wave modes, or if the range of anisotropic behavior from base state to full anisot
is significant, then the number ‘of degrees of freedom to resolve the various states will increase.
extent to which the number ©f)degrees of freedom will vary according to the application.

Figure 3-20: Examples of solution condition
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Figure 3-20 demonstrates the concept of well-conditioned solutions versus a poorly conditioned

solution.

75


https://asmenormdoc.com/api2/?name=ASME PTB-15 2023.pdf

ASME PTB-15-2023: FULL MATRIX CAPTURE TRAINING MANUAL

3.5.12 TFM Process

Under Adaptive TFM, the TFM process remains largely intact, relative to conventional TFM processes.
Transit time through each of the cells is governed by the group velocity for the vectors under evaluation.
The correct path is the one that conforms to the Fermat principle, i.e., the minimum transit time. When
the group and phase velocities are not equal, phase displacement relative to group will occur. The
difference between the phase and group velocity must be accounted for and compensated prior to
summation for any pixel where signals transits through this type of cell. Failure to do so will result in
various phase displacements summed, resulting in poor imaging performance.

3.6 PWI-ML

3.6.1 Plane Wave Imaging

Plane Wave Imaging (PWI) is an acquisition scheme that has been derived from medical ultrasoung. In
the medical field it is not just used as an acquisition scheme, but has other processes associated with it,
for example, time reversal methods. The medical field used algorithms{from geophysics ($tolt
migration, see the migration section) in the development. In the medical field\PWI has been thoroughly
validated. In the transition to NDT the main issue to be solved was testing through the material interface,
which has been done for planar and complex material surfaces.

The main reason for transferring PWI to NDT applications{are to overcome two well-knpwn
disadvantages of the FMC acquisition scheme: (1) Due to acquiring all pulser-receiver combination,
the data acquisition may be very time consuming, and (2).Due to pulsing one element at a time, pery
limited energy is introduced into the material, making¢the' testing of noisy or attenuative matefials
difficult.

The acquisition consists of firing all the elements of the array simultaneously along several angles,|like
A sectorial scan, while all the elements are receiyed individually. The delay law is calculated to r¢sult
in a plane wave for PWI, compared to a spherical wave for FMC. A TFM is then performed the same
way as with FMC/TFM, providing improved productivity while keeping the optimum spatial resolytion
that we know with TFM.

Figure 3-21: Plane waves generated for three different angles

Image Courtesy of Eddyfi Technologies

At the end of the PWI data acquisition process, the resulting matrix contains M X N elementary A-scans
compared to N x N for FMC, where M is the number of angles and N is the number of elements. Of
course, the idea here is to have M angles as small as possible to improve productivity while maintaining
an image with sufficient resolution and sensitivity.
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PWI looks very similar to a sectorial scan for PAUT. The user defines the minimum, maximum angles
and the angle step. In case of weld testing, the low angles are used to inspect the bevel and volume of
the weld after a rebound off the backwall, while the high angles are used to inspect the root of the weld.
People familiar with PAUT inspection can use PWI right away, and there is no need to worry about
where to focus the energy as TFM will focus everywhere within the region of interest.

For practical situations, between 6 and 10 different plane wave angles already give an image quality
that is comparable to FMC/TFM. This may result in an increase in scan speed of 3 to 10 times, and
greatly reduce computational demands. For more challenging applications more angles may be needed.

Figure 3-22: comparison of FMC/TFM image (top right) to PWI image (bottom right) for PWI setup, pvith
6 plane wave angles (left)
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Image Courtesy of Eddyfi Technologies

[n Figure 3-22, the top image shows the wé€sults obtained with the FMC/TFM and the bottom inpage
with the PWI/TFM. The results are idemtieal: all three defects (root crack, toe crack and crack along the
fusion face) are detected. Missingframes on the C-scan of the FMC/TFM data are a result of the
difficulty in moving the probe at a st€ady 16 mm (0.63 in) per second.

By reducing the number of exeitations, PWI drastically reduces the amount of data if one wishgs to
record the M x N elementary-signals. For the 508 mm (20 in) pipe and the six angles mentioned before,
the amount of data would decrease by a factor of 10.

Another advantage of BWI is the potential increase in sensitivity. When performing FMC/TFM, wd fire
cach element individually. While the reconstruction process uses the full 64 elements, the excitatign of
only one element may not be enough while inspecting thick structures and/or noisy materials. Ir} the
case of PWI, we fire all the elements at the same time, sending more energy into the part. The ovfrall
energy level, thus sensitivity, depends on the number of angles used during the PWI/TFM process

As an.example, we compared FMC//TFM to PWI/TFM for an HTHA inspection. We used a samhple
that Contains microcracks along the inner diameter (ID) surface; a micrography of that surface is shpbwn
1 a a 1 S 1 grap AMaS-1akKe 2 _7‘_ rav.ve: a Hals 2 alls .,r..
for comparison are summarized in the following table, together with the TFM images obtained for the
FMC (top) and PWI (bottom), respectively. We used a 64L.10-G2 probe (pitch 0.3 mm/0.01 in) with a
TFM that contains 92 Kpixels.
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Figure 3-23:Screen shot comparison of classic TFM vs PWI next to microetch from the component.

FMC: Mormal Mode (not fast)

o Sd-glement emitters
+ Scanning speed: 18mm (0.7in)/s
« Gain: 75 dB

P

¢ 26 angles (-12.5 1o 12.5%)
¢ Scanning speed: 30mm (2in)/s
« Gain: 56 dB

Image Courtesy of Eddyfi Technologies @,

Again, the TFM images obtained from FMC and PWI data acquisition are sirniQr, except for the
used for PWI, which is about 20 dB less, providing better a Signal-to-Nois @tio (SNR). The st
signal along the backwall (bottom left corner in the PWI image) is du e HTHA visible in
micrography. For that position, FMC/TFM leads to some diffraction pa s that cover the indicati
making it difficult to see the HTHA. Micro-cracking is propagating inside the thickness of the mat

also improved for that configuration because 2 to 3 times fe citations were used.

PWTI also comes with disadvantage. As all elements of theuarray are fired sequentially according
delay lay, this results in a larger dead zone compared where only one element is fired, as
collection is not effective while elements are firin, ditionally, PWI is less omni-directional
FMC and more sensitive to defect orientation. In complex situations, more plane wave angles wi
needed because of this. [13] [14] [15] A.\@

3.7  Sectorial Total Focusing ~ «©

3.7.1 STF,LTF, CTF Processe@%chniques but not Methods)

Total Focusing (CTF) proc g techniques in which a frame containing a sweep of A-scans is

This section describes the Sectorial Total Focusing (STF), Linear Total focusing (LTF), and Compd
in contrast to the rectangL@ i FM frame comprising of pixels.

ique that uses FMC collected data to generate a sectorial sweep of A-sg
ery A-scan is fully focalized. The TFM function is used to compute the sig
zing the results in a grid of pixels, the resulting image is organized as a serig
beam angle samples along those beams, mimicking the appearance of an S-Scan (Azimu
sweep). Aé@lparison of TFM, STF and regular PA is shown in Figure 3-24.
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Figure 3-24: A comparison of TFM, STF, and standard PA
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Image Courtesy of Eddyfi Technology

LTF is a processing technique that uses FMC collected data to generate a linear sweep of A-sd
where each sample of every A-scan is fully focalized. The TFM function is used to compute the sig
but instead of organizing the results in a grid of pixels, the resulting image is organized as a serig
beams having a constant angle, but varying aperture, and sampling along those beams, mimicking
appearance of an L-Scan (Linear sweep).

CTF is a processing technique that uses FMC collected data'to generate a compound sweep of A-sd
where each sample of every A-scan is fully focalized” As with STF and LTF, the TFM is usg
generate the CTF image, which organizes the resulting data in a varying angle and aperture set of be
The results mimic the appearance of a compound,sweep.

A schematic of the techniques is shown in Figure 3-25.

Figure 3-25: A schematic of the (a) STF, (b) LTF, and (c¢) CTF sweep

ans,
nal,
s of
 the

ans,
d to
ms.

Image Courtesy of Eddyfi Technology

Advantages:

The total probe aperture can be used in the STF algorithm, which results in a focusing capability very

similar to TFM, while in the LTF and CTF algorithms partial probe aperture is used.

An unprocessed A-scan is recorded for each beam (which is similar to the Sector scan View composed

of A-scans of swept beams), while the TFM image is composed of columns of pixels.
The motion of the target reflector of an A-scan is similar between STF, LTF and CTF to standard

PA.

The indication signal changes as the probe are moved similarly to PA, in contrast to TFM, where the

synthetic vertical A-scan does not originate from the probe.
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For the same depth of coverage, the sample count of STF, LTF, and CTF is smaller than that of TFM
frames, which is equal to number of pixels in the width axis multiplied by number of pixels in the depth
axis, allowing for higher scan speeds using the former frames. For STF, LTF, and CTF the pixel count

is equal to the number of samples in the A-scan multiplied by the number of beams.

In contrast to TFM, the concept of the detection angle for detected indications is valid for STF, LTF,
and CTF configurations because a sweep of real A-scans is used to reconstruct the image in the later

configurations.

Limitations:

Beam angle parameters need to be defined when creating a STF, LTF, or CTF setup.
The rectangular TFM frame can provide extended volume coverage as compared to the sectorial} i
or compound coverage area.

'When to use:

[n some circumstances where the user desires to benefit from the advantages of advanced focu
techniques, the use of STF, LTF, and CTF configurations (totally focused $sweep of A-scan
preferred to TFM. These circumstances include (but are not limited to):

When it is required to migrate from standard PA to advanced focusing techniques, using STF, LTH
CTF configurations allows for fewer modifications to the existing procedure parameters.

When the application requires the use of Fast Fourier Transform (FFE)technique, TFM cannot be
because the synthetic A-scans is not made of regularly spaced samapled on a time scale, and thus

it possible to benefit from advanced focusing techniques and te appropriately apply FFT.

When it is required to ensure the users retain their training, the similarity of STF, LTF, and
configurations to standard PA (e.g., in terms of A-scamns, detection angle, indication shape) allow
such an action.

3.8 TFMi™

3.8.1 Terminology

Total Focusing Method intermode (FFMi™) is an advanced ultrasonic inspection technique th
based on the data-acquisition process of Full Matrix Capture (FMC). The data acquisition pro

clement within a probe and receiving the backscattered echoes on all other array elements. The H
matrix saves all the A-scans generated by the interactions between every pulsing and receiving elen
This technique enable§ the image’s reconstruction in multiple ways. More precisely, the inte
factor enables the\image reconstruction to combine up to four FMC matrices that are generate
different wave-propagation modes.

[n another Words, A-scans are collected from every combination of transmitting and receiving elem
across a/specified range, in which every element of an array probe is individually pulsed to geng
sound. that is received on every element, including the transmitter. The A-scans are then stored i
FME matrix. The inspector would select n elements, forming a synthetic aperture, distributed ag

ear,
Sing
) is
and

1sed
FFT

will not yield meaningful results. In such a case, real A-scans, 0f STF, LTF, and CTF frames will npake

CTF
for

ht 1S
cess

basically records every A-scaninto a matrix, which are generated by pulsing every phased qrray
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ne or more arrays. The matrix with the data would therefore contain n x n A-scans,bhaving in to

aln

transmitting elements and n receiving elements.
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FMC has the advantage of being able to acquire all possible interactions between every pulsing and
receiving element, enabling multiple ways of reconstructing images. Figure 3-26 shows the FMC scan
along each element into the probe.

Figure 3-26: FMC scanning sequence
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Image Courtesy from Sonatest

3.8.2 FMC Acquisition Characteristics

Sound wave emissions are made by a single punctual source with no steering or focusing onf the
transmission. As a result, there is lower transmitting energy when compared to phased darray
transmitting (16 to 32 elements). In reception, theiteceiving elements collect raw A-scans with disregard
to information about the steering angle and focusing. From this, the instrument is ready to build|any
propagation mode of TFM frames. Ther¢.are more received A-scans than phased array, but they
typically show the same level of noise.

There are other FMC alternatives for data acquisition such as:

HMC: half matrix capture
SMC: sparce matrix capture
DMC: diagonal matrix captute
And others

For the basic 64-element FMC scan, a single TFM frame requires 4,096 A-scans. Figure 3-27 displays
the process of building up the FCM matrix through a 64 elements probe, data acquisition, and the
subsequent geéneration of a TFM image.
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Figure 3-27: TFM beam summed to generate a pixel from the 1st to the 64th element

1= 264

_.>

Image Courtesy from Sonatest

Find the predefined travel path for one pixel (x, z).

Sum all receiving elements.

Repeat the previous steps for all 64 transmitting elements.

Repeat the same procedure for every single pixel inside the Region of Interest (ROI).

Figure 3-28 illustrates graphically how the image generation works in accordance with every single
“TFM Beam”. The omnidirectional transmitting wave will reach a specific pixel at a specific position
within the Region of Interest. All pixels are sampled for each propagation mode set to generate the
corresponding associated image.
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Figure 3-28: Data acquisition and the generation of TFM image for a specific pixel

)

Image Courtesy from Sonatest

from an array of pixels. This image is rectangular and is builtby sampling multiple A-scans

negative value.

Figure 3-29: TFM image generation principle
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Once the TFM acquisition is made as a function of a propagation mode, a TFM image is generated

data

synthetic A-Scan). The image is color palette is typically from 0'to 200% FSH in range and shows no

Dackwall

Ei Wirtual

Pixel
Image Courtesy from Sonatest
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3.8.3 Propagation Modes

A propagation mode can be separated into a series of paths, also called legs, each of which is delimited
by reflected points or by an interface point. Each leg is then associated with a certain velocity, called a
propagation velocity. This mode is either said to be transversal (T) or longitudinal (L). Consequently,

the propagation mode names are “L-L”, “T-T” or “L-TT”, etc. It means that direct, indirect,
reflection paths define the trajectory of the propagation mode. As a reminder, on TFM the focus i
the reception legs.

and
S on

3.8.4 Region of Interest

The region of interest (ROI) is set in terms of the following parameters:

Propagation mode
[ndex

Depth

Resolution

[mage sensitivity

corresponding image for that zone of interest.

The propagation mode must be set as a function of the defect that Gsers are expecting to detect,
function of the manufacturing process, and as a reference to the-procedure/standard. Depending of
ccometry/shape and size of the defects, some propagation mades are more suitable for the detectiq
some defects in comparison to others. On the journey to improve the probability of detection, T|
has been developed to allow the user to set up and view*4"propagation modes simultaneously. It
combine, through a mathematical operator, all FMCs-from the propagation modes set, and then geng
an image resulting from this combination.

[ndex is the parameter relative to horizontal orientation in the ROI. In other words, it can be consid|
as like the width of the ROI because the user-has predetermined the starting and ending point (minir
and maximum) in terms of a dimension, Index can be located anywhere within the part, within red
However, when it gets bigger, it will.also have a direct influence in terms of whole processing tim|

Figure 3-30: Index setup
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Depth is the parameter relative to vertical orientation because it sets the height of the ROI. Just as on
the index dimension, the user must set the start and end point (minimum and maximum). Axis
orientation in this case increases from the surface (0) into the part and as far as the thickness increases.
However, the maximum height does not need to be limited to the nominal thickness of the part. Under
some circumstances this may be desirable. For direct incidence modes (T-T, L-L, L-T) it is possible to
set the ROI’s depth thicker than that of the actual component. This feature is very useful for corrosion
mapping assessment where in most cases there is a significant variation in the back wall echoes.

Figure 3-31: Depth setup

Min. Depth | Max. Depth|

Image Courtesy from Sonatest

Resolution is related to the resolution of the image that it is going to be generated by TFM. Typichlly,
TFM resolution is 0.1 x 0.1mm. Howevér, the user can set different resolutions in both, or either, jaxis
depth and index) if necessary. Withitespect to increasing the image resolution (smaller values] the
quality of TFM image will certainly-improve, to a point, but it will also negatively affect the scanping
speed.

Figure 3-32: Resolution setup for index and depth

Index Resolution
e

B Depth Resolution

}

Image Courtesy from Sonatest
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3.8.5 Image Sensitivity

The pixel amplitude height is not necessarily proportional as it would be for conventional and phased
array UT. This means that by adding 6dB to a scanning it will not correspond to the same increment
within the image. This behavior can be explained by two reasons:

Some elements can be already saturated (over 200% FSH; TFM amplitude ranges from 0 to 200% full

screen height).

Some elements are close to 0% FSH and their amplitude will not improve, even when a major gain is
pplied to the scanning

[n addition, TFM scan amplitude can drop by having a ROI with a very low resolution as well>[This
means that under some circumstances, narrow echoes can vanish as TFM resolution decreases,

3.8.6 TFMi

TFMi (Total Focusing Method Intermode) is a feature that was developed to improve TFM capabilities.
[n most instruments available in the market, a user can run multiple single-propagation modes at the
time. Therefore, the user must cerebrally combine the contribution of every single mode to generat¢ the
TFM image. With the help of TFMi, the user can combine the contribution of up to 4 diffgrent
propagation modes to generate the TFM image. To make this possible;the user can select the ost
suitable propagation modes according to the above-mentioned part specificities, and then by seledting
a mathematical operator, generate a TFMi image as a result‘ef the contribution of every sipgle
propagation mode that has been selected.

There are two mathematical operators available on TEMi: “Product”, and “Keep max”. These
mathematical operators are applied to FMC matrices for all'selected propagation modes. The user fnust
select one mathematical operator at a time, but they, canrbe switched back and forth at any time.

Each mathematical operator applies a different action into the FMC matrix. They are describefd as
follows:

Product: This multiplies every single element (echo amplitude) of all FMC matrices of epery
propagation mode that has been selected{ Therefore, the TFMi image is the result of this multiplicdtion
among the elements through the FMC \matrices.
Keep max: This takes the highest amplitude (echo amplitude) among every single element through the
FMC matrices from the propagation modes that have been selected. Therefore, the TFMi image i§ the
resulting selection from the highest amplitudes through the FMC matrices.

These mathematical operators can lead to different results in terms of TFMi image, even when the same
propagation modes ar¢-selected. The “product” operator will proportionally enhance (increase) the
amplitude within the“TFMi image for those propagation modes that show non-zero amplitude. ¥ero
amplitude elements on FCM matrices will no longer contribute to image generation. On the other hand,
clements haviniga very high amplitude will greatly contribute to image generation.

The “keep-max” operator will generate the TFMi image from the combination of the highest sipgle
contribution from every element through all FMC matrices, according to the propagation modes|that
have-been selected. In this case, the TFMi image will be generated because of the highest amplifude
from every pixel within the FMC matrices.

Figure 3-33 shows an example of a TFMi image. It compares, side by side, a sectorial scan and a TFMi
image for a toe crack detected in a sample.
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Figure 3-33: Toe crack. TFMi image on the right (2T-3T-4T) and sectorial scan on the left
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Another example is shown in Figure 3-34. It represents a<sequence of multiple propagation modes
to 5T), the TFMi image, and a traditional PA image-applied to the inspection of stacked side dr
holes in a standard block. One can identify the results of every single propagation mode and
individual contributions for the final image on TEMI. In addition, it is even more evident that the T|
image is represented with a higher level of image fidelity for the shape/geometry of the side dr
holes, when compared to the typical sectorial scan of phased array.

vertically aligned.

2T
lled
heir
FMi
lled

Figure 3-34: Sectorial scan, TFM images (2T-5T) and TFMi image for a sequence of side drilled holes

-

Image Courtesy from Sonatest
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Figure 3-35 depicts a TFMi image of a vertical crack in a sample, and the side view (macroetch) of the
sample. It is interesting to see how close the TFMi image is to the real crack, when one looks at its

shape and geometry.

Figure 3-35: TFMi image on the left and side view of a sample with a crack
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3.8.7 Advantages of TFMi

Ultrasound Phased Array represented a big imiprovement for detecting defects when compare
conventional ultrasonic inspection. Todayswith TFM, the capability of inspection has moved
higher level in terms of defect visualization and representation. Real life defects can exhibit

complicated geometries, shapes, orientations, and locations. TFM has arrived to bring the users a
powerful tool, enabling them to ‘characterize defects by using multiple approaches in term
propagation modes. The most favorable of which, in terms of incidence, would likely be unknow
the time of examination.

TFMi makes TFM even better because it enables the users to combine multiple propagation mg
according to their specific needs, to generate an image that represents, with a high level of fideli
defect (shape, location, and orientation). Consequently, the user(s) can accurately assess a defe
terms of an image,‘instead of an amplitude-based evaluation.

3.9  Phase Coherence Imaging

Although” TFM enables easier image interpretation than conventional phased array insped
techniques, the use of a single element in transmission during acquisition can result in images w
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in thicker components or components made with highly attenuative materials. However, this can

poor signal-to-noise ratio (SNR). This low SNR is due to poor acoustic penetration, typically occuiring

also

be affected by diffraction (transmitter element, receiver element, scatterers); transmission/reflection
coefficients at interfaces; geometric attenuation of signal; inhomogeneities scattering losses;

absorption/friction losses, and more.

To improve the SNR and remove the difficulties in achieving accurate distance amplitude correction
(DAC) or Time Corrected Gain (TCG) calibrations in FMC acquisitions, researchers have started to

look at the Phase Coherence Imaging (PCI) technique.
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3.9.1 Whatis PCI?
Phase Coherence is a TFM imaging algorithm that uses only the phase information of the FMC

data

and ignores the amplitude information. Discounting the amplitude information from the acquired A-

scans enables the generation of images that are solely based on signal coherence.

Figure 3-36: DAS Algorithm (above), and DAS with Phase Information Applied Post Hilbert Transform

(below).
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The first formula represents conventional TFM with Delay and Sum (DAS) summation of the deld
amplitude signals. The second formula represents the Analytic signal, once a Hilbert Transfor]
applied, to express the phase portion of the signals. (The Hilbert/Transform is explained in greater d
in this chapter.)

process where “N” can represent a large number of A-Scans, typical of an FMC acquisition. The 1
areas will generate a much larger phase variance as dépicted on the red histogram. Whereas the rele
coherent signal will repeat in a constant way, creating a defined and consistent signal phase distriby
seen on the green histogram).

Figure 3-37: Shows statistical approach‘with randomized process and the variance difference of
coherence vs. non-coherence areas

. xffm,m_rm'mmwwm’: g d""‘li -t
y H}h{s I AR | rhh N
R S T ANRY A

g NERTP TR CRE AP e (L
:

Bember

tyed
m is
Etail

Phase Coherence uses a statistical approach to identify defects. Figure 3-37 illustrates a randomjized
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Figure 3-38: Shows high variance in coherence and non-coherence areas for noise to indication
discrimination
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[ooking at only the phase information enables flaw detection with signal amplitudes that w
otherwise be considered incoherent noise in an amplitude based TFM image. Because mat
attenuation does not affect the phase of the signalyhon-amplitude TFM performance can be grg
improved in thick or highly attenuative material inspection applications, or in noisy materials.

Phase Coherence Imaging is not based on the $ignal amplitude of a reflector, but instead on phas
it is also virtually impossible to saturate thie signal. This results in a more consistent and repea
inspection. It also limits inducing human error with a time corrected gain or a gain adjusted sign
cain is no longer needed to enable detection. In other words, the recorded signal only flags wh
highly repeated in the coherence, ‘and not on the strength of the returning signal to the probe.

considered this area coherefit)(or not-randomized noise) where the white, gray area has shown 1
variance in the signal. It is important to understand that the colors no longer represent an ampli
response as they normally would when using phased array or standard TFM.

PCI also does not fequire perfect perpendicularity with the indications to detect them, it is often fq
that fewer TFMsgroups or probe positions will be typically needed to perform the same inspectid

welded pipe.The PCI results on the left are capable of not only imaging the full length of the flaw ul
a singléT-TT mode of propagation, but also depicting an accurate depth and the connection tq
insidevdiameter of the component. By contrast, two TFM groups are needed on the right,
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The

magenta color represented as_00% on the color palette means that a high number of A-scans have

hore
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compared to-standard TFM. Figure 3-39 illustrates a hook crack in an Electric Resistance Weld (ERW)

S5ing
the
ith

conventional TFM, to image the flaw in its entirety.
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Figure 3-39: The entire hook crack can be seen with only the TT-TT group on the left in PCI, where two
groups are needed with conventional TFM (TT-T and TT-TT) on the left. The crack can be sized using
the tip diffraction.

[——

Image Courtesy of Evident Scientific, Inc.

3.9.2 Interpreting PCI data

Because the final PCI images are generated using the phase information, rather than the amplitudef the
same analysis techniques cannot always be used. One key feature of phase coherence imaging is how
different types of indicatiomsyare imaged. Large and flat reflectors, which are considered spedular
reflectors, do not return athighly coherent signal to all the probe elements. The opposite being smaller
reflectors that generally ydo not return a high amplitude response, which will tend to diffrac{ the
ultrasound waves. This produces a highly coherent signal to the majority of the probe.

The resulting effect'is that smaller defects and crack tips are highlighted without being lost in the high
amplitude sighal-from the other, larger defects. It is also easier to size these small defects becausg¢ the
tip diffractions will create a “hotspot”, having a maximum coherence level that is located directly af the
crack tips This is similar to the time-of-flight diffraction (TOFD) technique, where the cursors are fised
with thephase inversion to size defects. With PCI the cursors can be placed on the maximum valugs of
these”‘hot spots” to accurately size cracks and other defects. This method also works for defects $uch

adS laul\ Uf quiUll Ul PUIUDI‘L‘)’.
For these same reasons, additional details about defects can be seen using PCI. For example, it can also
be difficult with amplitude-based techniques to identify if the defect is connected to the component
surface. With PCI, each artifact, within a defect (crack direction changes, secondary tips, sharp artifacts,
or corners), will return a coherent signal. This produces significantly more detail about the shape and
form of the defect. For these types of defects, PCI can be an excellent tool for detection and sizing
where damage mechanisms such as HTHA, SCC, H2S, or other small crack defects could be present.
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Because amplitude has no effect on the final image, the sound distribution in the part is less of a
consideration. Even if only a weak signal remains, the phase information can still be evaluated. This
has two advantages compared to conventional TFM. The first is that the coherence level of the same
defect will vary less throughout the entire TFM zone than that of the amplitude. The second advantage
is a resulting technique that requires less preparation before an inspection. It also makes it easier to
interpret the final images, and can make defects that were previously difficult, or impossible to see,
obvious.

Figure 3-40: Shows High Temperature Hydrogen Attack (HTHA) PCI data on the left, and conventional
amplitude based TKM on the right
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Image Courtesy of Evident Scientifio, Inc.

Figure 3-41: Shows Creep Damage PCI data on the left, and conventional amplitude based TFM on the
right

Image Courtesy of Evident Scientific, Inc.

As seen, invFigure 3-40 and Figure 3-41, the smaller scatterers are better detected with the phase
technigque(PCI) than with the amplitude-based technique (TFM). Additionally, the signal-to-noise fatio
hascbeen greatly improved.

3.9.3 Conclusion

PCI can be beneficial for attenuative materials, thick components, or small intergranular diffractive
damage mechanisms. It also limits human errors occurring in common inspections and can potentially
increase the speed of acquisition, due to using fewer groups. PCI can also be extremely sensitive to
small reflectors and provide accurate sizing using a tip diffraction technique, all while having the added
benefit of a visual 2D representation of the flaw, for easier characterization.
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4 INSTRUMENTS

Hardware

4.1 Hardware Challenges

In this section the issues of designing an FMC system are described. After sketching the challenge
posed by the amount of data and calculations needed for making an image, some possibilities for dealing
with the challenge are described. These are then further developed into system architectures. Finally,

£l 1l 1 : 4 ral 1 11 LUk 1. 1
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4.1.1 The Challenge Posed by FMC
The main challenge posed by processing FMC data is the full matrix. All combinations‘of transm
and receiver elements of an array are collected during FMC, resulting in a large amount of data.

Consider the amount of data from a 64-element probe: the full matrix will have 64x64= 4,096 A-s
for each probe position. The amount of data generated for each full matrix, assuming an A-scan le
of 100us, a digitization rate of 100 MHz, and two bytes (16 bits) for storing’the amplitude for
sample is:

4,096 A-scans x 100 us x 100 samples/us x 2 Bytes = 82 MB

For example, a 1 m scan acquired at 1 mm increments would gefierate an 82 GB data set. Only a
years ago this would have been too big for storage on personal;computers.

scan speed, the scan would take 50 seconds to complete,"and the data rate would be 82 GB/50 sec
= 1.6 GB/s. A very fast network is required to sustain-this amount of data over a network link. Ty
cthernet cable only supports 100 Mb/s. Even inside’a computer it is a challenge to deal with
Acquisition rates.

4.1.2 TFM Image Data Rate

again use two bytes for storing the ‘amplitude, the resulting image size is:
D56k pixels x 2 bytes= 512 Kbyites

The data acquired for the same 1 m scan length would be:

512 kB x 1000 mm = 512 MB

The data rate for images only is:

512 MB/50s = 10:2'"MB/s

This is a muyehdmore manageable data rate.

4.1.3 .<Fhe TFM Calculation Challenge

Forthe TFM algorithm, the time-of-flight from each pixel to each imaging point must be calculg

Knowing the size of the data set, we can now calculate the\data acquisition rate. Assuming a 20 r}m/ s

[magine the FMC data would be recofistructed into a 512 x 512-pixel image, i.e., 256k pixels. If

itter
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ted:

D56k x 64 elements = 16 million time-of-flight values. This number can be reduced by half by reali

ing

that, due to reciprocity, the TOF value for n transmitting elements and m receiving elements is n x m,

the same as m x n if the acoustic path is the same in emission and reception.
For calculation of the image, the amplitude value for the appropriate time of flight needs to be colle

cted

for each of the 4,096 A-scans for each pixel of the full matrix. These 4,096 values are then added
together. This requires 16 million address and sum operations. A standard computer CPU would not be
able to process the data fast enough; thus, the calculations are almost always done in specialized

processing structures like GPUs or FPGAs.
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Assume that collecting each of the 16 million values takes 100 CPU clock cycles. This is roughly
equivalent to the access time of basic memory of a computer, while accessing the hard disk takes longer
and accessing specialized memory, like cache, is faster. The total time for collecting the amplitude

values for the image for a 3 GHz processor would be:
16M x 100 cycles/3GHz = 0.5s

Imaging the whole weld from the example above would take about 500 seconds, or 8.3 minutes
shoveling data around only. This is only an estimate, as actual times will depend strongly on how
is handled (hard disk, memory, etc.).

, for
data

Real-time imaging should display at least 20 images per second (the scan rate), which is 10 times)f3
than the calculation shown above. Only electronic chips specialized in real time, or quasicreal t
processing large volumes of data in parallel can achieve the required computation time. | The ‘1
processing is a simple summation conducted over and over for hundreds of thousands of pixels,
these pixels can be independently managed.

Currently, the only chips programmable and flexible enough for the specific andrelatively small N
market (compared to Gaming or High Frequency Trading, for example) are:
FPGA acronym of “Field Programmable Gate Arrays”

GPU acronym of “Graphics Processing Unit”

A combination of both

Figure 4-1 shows a schematic overview of the system architecture’ef an FPGA and a GPU based sys

U4.1.4 FPGA Performance

[n an FPGA, many of these calculations can be done on,board and in parallel with data collection.
time-of-flight values can be calculated prior to scanhing, and the treatment of each A-scan coul
done in parallel, depending on the architecture of the code in the FPGA. As an FPGA is programm|
electronics rather than a computer, the process:itself is also much faster.

As an example of FPGA performance, the'ITWEX” FMC system (Applus RTD) processes ove

example shown above. The main challenge is to manage the FPGA memory and the memory accg
to DDR, which can slow down the\ptocessing of big images. The FPGA memory and the proces|
clock speeds continue to increaSe.

4.1.5 GPU Performance

A GPU-based systentuses a processor that is optimized for making images and runs in parallel. ¢

and this might.double for the next generation in 2021. The performance in terms of screen refresh
is ultimately~Higher than that of an FPGA solution. The main bottleneck is that the data mug
transferred-to the GPU before the calculation can be done. Thus, the GPU-based system can be lin]
by data.ttansfer rates and file sizes, as described above.
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different TFM imaging paths in parallelat a'refresh rate of 60 Hz. This is over 300 times faster that the
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performance improves every year. Typical GPUs in 2020 have around 2000 parallel processing uhits,
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Figure 4-1: Schematic architecture of an FPGA (top) vs and GPU (bottom) based system
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4.1.6 FPGA/GPU Comparison

Advantages of FPGAs: "

S
‘Really real time”, usually faster if the menb of the FPGA can manage a larger numbe
computation kernels (i.e., pixels) W
Necessary to have at the digitizing/procesg\ig;g buffering level for GPU anyway
Simpler cabling/networking solutions N~
Disadvantage of FPGAs: \\0
Much more difficult and time consuming to program than GPUs
Evolving less quickly than
[ess specialized for imag
Raw A-scan data must
Advantages of GPUS_)
Flexibility and g speed: much easier to adapt to a new algorithm than FPGAs
The GPU prog¢essing power increases every year, but the code doesn’t need to be partially or totall]
written at @y generation, as TFM speed increases accordingly.
Fasier @ommodate storing the raw data and post-processing with advanced algorithms

Dis tages of GPUs:

iscarded to gain the advantage in data transfer speed

r of

y 1c-

s are not “real time”. Element signals must be digitized, eventually processed, buffered, and

then

transterred to the GPU. An FPGA 1s usually required to manage that.
The high data throughput bottleneck of FMC must be managed
Energy consumption is higher than FPGAs

In terms of pure processing speed, FPGAs and GPUs are extremely difficult to compare, but some

references in the following timeline have tried to compare both chips [16] [17]:
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Figure 4-2:Timeline showing the progression of GPUs
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4.1.7 Adaptive and Iterative TFM
These TFM processes pose different challenges, especially when performed in real time. Here] the
challenge is in calculation of the Time ofiElight (ToF) values for the TFM calculations. In the examples
used above, there are 16 million ToFwalues. In ATFM, we would want to adjust these values basef on
information in the A-scans or the,images to enhance the final image. This could be a single pass gr an
iterative process.
TFM paths are usually calculated using Fermat’s principle, basically trying to find the shortest path
between two points for,given values of the sound velocity between those points. The issue is that fnost
NDT applications have-at least two media with different sound velocities, such as in the wedge or

immersion medium yersus the material to be examined. Finding the correct path(s) is compoundefl by
the fact that the.wave mode in both media might be different, e.g., compression waves in the immersion
medium and-shear waves in the material to be examined. A further complication is that the interjface
between botlrmedia might not be straight, at a fixed angle, or continuous. For each ATFM application,
the conditions must be worked out, and the optimal scheme for calculating the ToF values| are
determined. A sizable amount of literature exists about the ways to find the shortest path of ultraspnic

It may be readily understood that some of these calculations may become complex and take a lot of
time or processing power.
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Table 4-1:Comparative Chart of FPGA and GPU Processors

FPGA GPU
Speed “Real time” data processing | Not real time, and may require
an FPGA for data transfer to
and from the GPU
Hardware/Implementation Simpler cabling and Higher energy consumption
networking, lower energy
consumption
Programmability Difficult to program Easier to adapt new algorithins,
algorithms are forward
compatible with hew
generations GPUs
Data Handling Raw A-scan data must be All data can be retained,
discarded specialized for image
processing

4.2  Deployment Schemes/Scanning Equipment

4.2.1 Introduction
FMC/TFM is no different than any other ultrasonic techniqué with regards to deployment. Therg

into four different categories as defined in the ASME(Sec. V Code. Arguments can be made agj
one being better than the other, but there are many, ¢onsiderations to be made when selecting any
of scanning equipment, and different advantages;and limitations to each.

4.2.2 Manual Scanning

Manual scanning (ASME): “A technique of ultrasonic examination performed with search units
are manipulated by hand, without data being collected.” Quite simply put, this is having a probe lite
in hand, with no scanning mechanism involved.

Some of the advantages to this are:

Unlimited resolution. Beinglable to manipulate the search unit in any orientation, skew angle, back
forth across a weld, et¢.,)can be a benefit, especially when sizing flaws. Having a live action viey
the screen and the ability to move the search unit everywhere can reveal unique components exhil
by an indication. These may or may not otherwise be available in a dataset.

The least expénsive and easiest of all.

Some of the limitations are:

overlap is difficult to achieve, or especially prove.

arc

numerous, different schemes for delivering sound into the.component. In general, these can be lumped

jinst

[ype

that
ally

and
Vv on
ited

Manual Seanning is operator dependent. Rate of movement, total surface coverage, or any amount of

There is no data recorded for future analysis or record keeping.

4.2.3 Nonautomated Scanner

Nonautomated scanner (ASME): “A scanner operated without a mechanical means of holding an index
or search-unit offset position. Nonautomated scanners are propelled manually by the operator and have
no means of holding or maintaining probe position once released.” These are your typical string type
(potentiometer or “string pot”), or small wheel type encoders. Typically, they are just affixed to the

search unit in some manner. See Figure 4-3.
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Advantages:

These are simplistic and easy to use.
Good for small jobs, bench-top work in a lab, etc.
Generally, the least expensive option.

Limitations:

Data collection is only along a single axis. Different offsets or scan lines, when required, are generally

stitched together with software, or not at all.
Can be a challenge to maintain reliable contact and steady speed

Some type of external guidance (e.g., magnetic strip) is recommended to keep the data from W?f}lf
as they have no means to mechanically maintain search unit position.

Figure 4-3: Examples of wheel type encoders
,\<o

I%gﬁ)%;ourtesy of Evident Scientific, Inc.

4.2.4 Semi-automated Scanner.
Semi-automated scanner @): “A manually adjustable scanner that has mechanical mean

still be propelled m ly by the operator. This scanner does have mechanical means to retai
common type nner encountered in the field. There are many different configurations, and
complex ghly configurable modular designs there is a semi-automated scanner for almost e

occas hey usually have some type of guidance like a roller chain, track, or even gearing.
dlfferentlator is that they have some type of guidance but are still manually propelled.

are usually oyed for weld exams as well as area scanning for corrosion. From simplistig,

ring

S to

maintain an index of th ch unit while maintaining the search-unit offset position, but which nust

0 its

position while att to the component once released by the operator.” This is probably the nost

they
to
very
The
See

Advantages:
Some are configurable for different applications.

Most, if not all, modern portable instruments have the corresponding encoder inputs and software for

these. Essentially making them “plug and play”.
Are generally easy to use.
Can collect good data in two axis, especially when a guiding device is set.

Limitations:
Moderately expensive to expensive.
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They can be larger and require more space to operate. Some scan limitations are to be expected in the
field.

Are still propelled by hand, which lends some capability to the technician.

May require an additional technician to control both scanner and acquisition unit.

Figure 4-4: Some examples of Semi-automated (chain) scanners, and the use of a laser guided system
(bottom right)

A \Ini age Courtesy of Evident Scientific, Inc.

4.2.5 Fully Automated @er

Automated scanner (Aﬁ\)/&'j: “A fully mechanized scanner that, after being attached to the comporent,
maintains an index the offset position of the search unit. The scanner is manipulated by an
independent mot @) troller and requires no manual handling during operation.” These scanners can
range from th &mdustry standard pipe scanner, which is very simplistic, reliable, and rugged, to
obotics with laser or optical guidance systems. Some are custom builds used only with
specific are, while others, although typically requiring a motion control system, are built tp be
flexibl ween different instruments. See Figure 4-5.

Ad&ges:

O

A“'l - l-l.llll:l.l' NC dl QIIC (1414 wi A .l wil dNd cpearca

Depending on the application, some are built to access spaces humans cannot occupy, and “Driving”
to a location, then scanning remotely, is appealing.

Some are submersible.

Limitations:

Often the most expensive option.

Longer set up times.
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Due to the complexity of some of these, additional training will be required.
Due to their size, and depending on the application, scanning limitations can be expected in the field.

Figure 4-5: Examples of a fully automated scanner

-

4.2.6..‘Application Specific

[t{is-Worth noting that some scanners only perform a specific function or are only configured for a
Specific type ol component. Although these can also be categorized with the above, they are otherwise
considered niche. Some are specialized to perform area exams on elbows, others are specific for
examining nozzle to shell welds, others are purpose built for small diameter boiler tube exams, and still
others act like a paint brush that can move in any direction reporting coverage in real time. See Figure
4-6 for examples.

100


https://asmenormdoc.com/api2/?name=ASME PTB-15 2023.pdf

ASME PTB-15-2023: FULL MATRIX CAPTURE TRAINING MANUAL

Figure 4-6: Examples of an elbow scanner (left), and a paintbrush scanner (right)

" et '_ﬂ":-"-ﬂ‘.-u ey
| B

Image Courtesy of Evident Scientific, Inc.

4.2.7 Conclusion

Any type of configuration or complexity, it would seem, has already beett solved. Even though spme
oreat tools have been made over the years to provide better ultrasonie-data and keep the operators safe,
there is so much more to come given recent advancements with rebotics and drones. When considdring
A scanner, the inspector must keep in mind the application they/will be using it on. Scanners cah be
versatile, or niche to a specific application. They can ease.the inspection process or add mechanmical
complexity to the project.
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5 ARRAYS

Transducer Considerations for Full Matrix Capture

5.1 Abstract

This chapter gives an overview of ultrasonic transducers, their construction, and application to Total
Focusing Method/Full Matrix Capture. The chapter begins with the basic construction and operation of

l':’ : U d dyd>. Dd d CIUCC UCTd UUC : C UVC "- Ul C UDCIU C U
models with respect to array elements and array apertures is discussed. Finally, array seleetiof]
FMC/TFM is discussed.

2 Basic Overview of Ultrasonic Transducers and Their Construction

5.2.1 Whatis a Transducer?

he dictionary definition of a transducer is a device that converts variations iha/physical quantity,
s pressure or brightness, into an electrical signal, or vice versa. In the ¢ase of ultrasonic transdu

pulse from an instrument into a transmitted pressure wave.

hile there are several different transduction mechanisms that/can be used for ultrasonic transdu
ncluding piezoelectric, eclectromagnetic (including Loréntz” force and magnetostriction),

apacitive, this chapter only considers the piezoelectric_device, which is the most widely used
ransducer arrays. These transducers contain a piezoglectric element (or array of elements),
performs the task of converting physical pressure int@ electrical voltage and vice versa.

2.2 The Piezoelectric Effect

The piezoelectric effect is a physical phenomenon observable in certain materials where an ele
charge is generated in response to anl-applied mechanical stress. The word piezoelectric m
‘electricity resulting from pressure andlatent heat” and is derived from the Greek piezein, which m
to squeeze or press, and piezo, which is Greek for “push”. This conversion of stress/pressu
charge/voltage is referred to as_the direct piezoelectric effect (Figure 5-1a).

The piezoelectric effect is‘reversible, i.e., materials exhibiting the direct piezoelectric effect
ceneration of electricity-when stress is applied) also exhibit the inverse effect (the generation of s
when an electric field~is“applied); see Figure 5-1b. Thus, an ultrasonic transducer constructed w
piezoelectric matefial can be used as a transmitter and a receiver.

transducers, initially reviewing conventional single and dual element transducer construction, and then
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Figure 5-1: Direct (a) and inverse (b) piezoelectric effect. The most common transduction mechanism

used in ultrasonic transducers for industrial, medical, and commercial ultrasound applications.
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Image Courtesy of Sinewave Solutions

Piezoelectric materials are widely used in industrial, scientific, medical abd commercial applicati
Examples of industrial devices include those used for the production' and detection of sound
ultrasound), generation of high voltages, electronic frequengy ‘generation and micro-actua
Piezoelectricity is also the basis of some scientific instruments stich as scanning tunneling microsc
STM), atomic force microscopes (AFM) and transducerS<in acoustic microscopes. Comme
applications include spark ignition sources for cigarettelighters or gas grills, transducers for
finders, actuators for fuel injectors, and transducers for,object detection and distance measuremer
name a few.

There are many natural and synthetic materialsithat exhibit the piezoelectric effect. While na
materials, including quartz crystals, were initially used as transduction materials for ultras
transducers, most transducers constructed today use a variety of synthetic materials due to their supq
properties. Synthetic materials that are commonly used in industrial ultrasonic transducers inc
various formulations of lead zirconate-titanate (PZT), lead metaniobate, and lithium niobate crystd

improved performance for certain applications. Piezo-composites are widely used in industrial
transducers due to their supérior ultrasonic properties and ease of manufacturing.

5.2.3 Types of Transducers

There are many {ypes of ultrasonic transducers found in industrial nondestructive testing (NI
including devices'that are used in direct contact with components, in a water immersion bath,
specialized fransducers that are fabricated to conform to very specific part or array geometries. A s
sampling ofindustrial transducers is shown in Figure 5-2.

Composite materials formed of PZT ceramic and polymer epoxy are also now common and Iifer
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Figure'5-2: Various types of ultrasonic transducers that can be found in industrial NDT, including (

single element contact transducers, (b) bespoke transducer design for turbine disk inspection, and
i . . .

(2) (b) ©
Image Courtesy of Sensor
Network Inc.
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In general, industrial parts have widely varying geometries, inspection requirements and physical
properties, which in turn require a diverse range of ultrasonic transducers. Transducer parameters
include type (direct contact, wedge mount, immersion), overall size and shape, individual element size,
frequency, number of elements, cabling, and electrical connections (e.g., connector type, number of
connections, pinout, etc.).

5.2.4 Basic Construction

1gure 5-3 exhibits the basic constructional elements of two common types of piezoelectric ultraspnic
transducers: single element and dual element.

Figure 5-3: Basic transducer constructional elements for industrial single (a) and dual (b) elemen
piezoelectric transducers.

Single Element Transducer Duel Eiément Transducer

(@ (b

Image Courtesy of Evident Scientific, Inc.

Turning first to the basic acoustic Components of the single element transducer, the “acoustic stack”
consists of the piezoelectric material (including electrodes), front matching layer(s) or wear face,|and
backing material. The compofients and materials in the acoustic stack are primarily responsible for the
performance of the transdueer, including parameters such as frequency, gain, pulse duration,|and
bandwidth. The transdueerdesigner can choose from several different components and/or materials to
tailor the performanceof the transducer. The electrical characteristics of the transducer are [also
dependent on the acoustic stack, and careful material selection is important to electrically impedance
match the transdueer to the instrumentation.

Active Element/Resonance Frequency: Ultrasonic transducers for NDT are most often constructdd as
resonant dévices, having a natural frequency response that is typically in the frequency range of 0.5MHz
to 20MHz (MHz: millions of cycles per second!). In most designs, the piezoelectric material vibfates
at twice the natural frequency of the element thickness, thus the element is sized to be one half] (*2)
wavelength in thickness to produce the desired resonant frequency. As an example, for a SMHz
transducer, the thickness of a piezocomposite element is around 0.3 mm (0.012 in.).

Most typically, the piezoelectric material chosen can include any of several formulations of lead
zirconate titanate (PZT) as offered by a variety of ceramic manufacturers. Generally, these materials
and their specific model designations can be equated to various “Navy” types as defined by the United
States Navy for sonar applications (Navy type 11, IV, V), etc. Material properties vary widely and can
be chosen for a variety of reasons, including desired bandwidth and electrical impedance matching.
Lead metaniobate (for high resolution), lithium niobate (high frequency or high temperature), and PZT
composites (general purpose and high sensitivity) are also commonly used transducer elements. High
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dielectric materials of the PZT 5H type is usually used for array transducers to improve electrical
impedance matching.

Electrodes: Electrodes are applied to the front and back surface of the piezoelectric material to transmit
charge to and from the ceramic. Solid ceramics are often plated with thick-film silver electrodes for
lower frequency elements, while sputtered electrodes are used for higher (>10MHz) ceramics.
Electroless copper or nickel plating as well as sputter-deposited plating are commonly used on
piezocomposite elements.

type). Usually, an epoxy compound is used for immersion or wedge mounted probes forcmproved
acoustic impedance matching to those materials. Alumina ceramic provides a hard, wear resigtant
surface that is common for contact probes. From an impedance matching perspective,-the acoyistic
impedance of the matching layer is chosen to be in between the impedance of the-€lement and the
impedance of the transmitted material (water, plastic, steel) to provide optimum-ehergy transmisgion.
The thickness of the layer is typically chosen to be in the range one quarter (¥4)wavelength in thickgess.
Multiple matching layers are also sometimes used to further improve sound frahsmission.

Backing: A backing material is applied to the rear face of the ceramic tg.suppress unwanted vibrafions
of the ceramic (ringing) and to provide mechanical structure to the transducer. The acoustic impedance
analogous to mechanical stiffness) can be tailored to achieve the“desired acoustic response off the
transducer. Higher impedance, “heavy” backings are used t0 create short duration pulse$ or
‘broadband” transducers. Backings for transducers containing solid piezo ceramics are often made of
epoxy loaded heavily with tungsten powder to achieve an.acoustic impedance greater than 10 MRayls.
Backings for piezocomposites are often epoxies loadeds>with various metal oxide powers, as they pnly
need to achieve an acoustic impedance of 3-7 MRayls: The unit of measure of characteristic acoystic
impedance is the Rayl, named after Lord Raleigh. It is calculated by multiplying the density of a
material with its ultrasonic velocity (Z=pC). Typical values (in MRayl) include Steel: 45, Water:|1.5,
Air: 0.0004, Plexiglas: 3.2, PZT 5H: 34, Piezocomposite: 6-15.

Electrical leads: The electrical leads provide the electrical connection between the active element| and
the electrical connector and usually,consist of fine-gauge copper wire. Fine ribbon wire is usually fised
at the element as it can be sandwiched between the backing, element and face layers without credting
an excessively thick glue joint that would degrade the performance of the transducer.

Flectrical Connector: Electrical connections to ultrasonic transducers are usually made with cogxial
cables due to the relatively-high frequencies involved; thus, the electrical connector is usually a cogxial
type of connector. Connector types such as BNC, 10-32/ “microdot”, Lemo (push-pull), and UHH are
all commonly used. Sometimes, a coaxial cable is constructed to be integral to the transducer and the
connectors are.applied to the end of the cable.

Flectrical Network: The electrical network is also commonly referred to as “tuning” and is used for a
variety ofiréasons including altering the bandwidth or frequency response of the transducer, matching
clectrical impedance between the active element and the transducer cabling and system, and altdring
the@mplitude of the signal (also referred to as transducer “gain” or “sensitivity”’). The tuning network
oftén consists of one or more inductors, resistors, or transformers.

Inner Sleeve: The inner sleeve of a transducer provides some acoustic isolation between the acoustic
stack and the external housing so that sound is not transmitted into the housing causing unwanted or
“parasitic” echoes in the transducer response. It is also a structural element of the transducer.

External Housing: The external housing of the transducer provides the overall physical package of the
transducer and is typically constructed of stainless steel. It often has attachment points such as bolt
holes or threads that are used for holding the transducer as well as to attach the transducer to polymer
wedges.
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Dual element transducers: Dual element transducers (Figure 5-3 b) have some additional constructional
elements. A dual element transducer separates the transmit and receive elements, rather than using the
same element for both transmit and receive. This is done primarily to increase the near surface
resolution of the transducer so that small, near surface reflections are not swamped by the otherwise
large direct reflection of the surface as found with single element probes. These transducers use a delay
line between the transmitting and receiving elements to delay the initial system pulse response from the
ultrasonic reflections from the material. The delay lines are usually a plastic material or graphite for
high temperature probes. An acoustic barrier, usually consisting of cork-rubber, is used to acoustically
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5.2.5 Piezocomposite

As already mentioned in this chapter, piezocomposite materials are one of the options_for the “agtive
clement” in an ultrasonic transducer. Because of the somewhat unique construction and properties|that
are achievable with piezocomposites, they are often used as the active elements forindustrial transducer
arrays and thus warrant extra discussion as follows. Additionally, piezocompositelelements can proyide
improved sensitivity and increased bandwidth—both advantageous for many NDT applications.

Connectivity: A piezocomposite material is a composite consisting of a-piezoelectric ceramic (inost
often lead zirconate titanate (PZT) ceramic) and a polymer (usually epoxy). These composites cah be
constructed in various forms but two most commonly used for ulfrasonic transducers are shown in
Figure 5-4. The “connectivity” of the composite is defined to describe the physical connection of the
ceramic and polymer, respectively. In the case of 2-2 composife' (Figure 5-4 a), the ceramic and polymer
phases are connected/continuous in two dimensions. In the'ease of 1-3 composite (Figure 5-4 b), the 1-
3 designation describes a material with ceramic/ “1” direction connectivity in a single direction|and
epoxy/ “3” direction connectivity in three directionsaMost “composite” transducers for NDT use spme
variety of 1-3 composite. Medical arrays frequently use 2-2 composite as well as 1-3 varieties.

Figure 5-4: Schematic representation of piezacomposite material in a) 2-2 connectivity and b) 1-3
connectivity

2-2 Composite 1-3 Composite

B Electrode

@ (b

Image Courtesy of Sinewave Solutions

Volume Fraction: The volume fraction (VF) of the composite denotes the percentage of cerdmic
material to polymer. A 100% VF denotes solid ceramic, while a 0% VF denotes 100% polymer. The
typical range of VF is 30% to 80%, as it has the best properties. Volume fraction is tailored by the
designer to alter the acoustic impedance, electrical impedance, and sometimes the mechanical
flexibility of the material.

Advantages: Advantages of piezocomposites are that they are readily tailored, have high
electromechanical coupling efficiency, have lower acoustic impedance that allows improved
impedance matching to water or plastic, have broad bandwidth/low mechanical quality factor, are
mechanically flexible (easily allowing curved or focused elements), and can be segmented into arrays
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by electrode patterning. The thickness-mode electro-mechanical coupling (Kt) of the composite
exceeds the Kt (0.4-0.5) of the base ceramic, approaching the value of the rod-mode Kt (0.7 to 0.8) of
the ceramic. Effective acoustic impedance of typical 1-3 piezocomposite is often in the range of 6-15
MRayls as opposed to that of the raw PZT (30-40 MRayls) and provides an improved impedance match

to materials such as water for immersion transducers and plastic for wedge mount transducer.

5.3  Transducer Arrays

Generally, an array is any transducer that has multiple elements within a single mechanical housing.

ith respect to their use in nondestructive testing transducer arrays are multi-element transducers
ave 16—128 (or more) small, approximately 0.25-5 wavelength elements, where signals from!muil
r all elements are used to form a coherent beam using electrical manipulation such as delay-and
eamforming, indexing, and/or full matrix capture (FMC) and total focusing method (TFM).

3.1 Linear Arrays

The linear array is perhaps the most common form used in industrial phased array testing, inclu
TFM/EMC applications (Figure 5-5). This configuration allows electronicseontrol of one plane o
transducer, as defined by the Azimuth and Depth axes. This plane couldbe further described/def]

and/or TFM/FMC processes can alter the steering angle, depth of focus, and position of the sound bg
The elevation direction/plane of the linear array transducer js'static, and its beam characteristic
determined by the probe frequency, aperture size, and whether'a focusing lens (or curvature) is pre
This plane is often called the passive plane. In medical b-mede imaging, practitioners also refer to

Slice.

When considering the selection of an array ge@metry, it is important to include the parameters
define both the active plane (pitch, # elements) and the passive plane (elevation width, focusing I
to achieve optimum imaging results.

Figure 5-5: Schematic view of linear-array geometry showing electronic control over a sub aperture
the array which allows electronic_control of the beam (steering, focusing and scanning). Elevation
performance is fixed by the frequency and aperture size and potential addition of a focusing lens.
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Figure 5-6: Basic constructional elements of the acoustic stack of a linear array. A complete transducer

would additionally have a transducer case and micro-coaxial cable/connector assembly.
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Image Courtesy of Sensor Network Inc.

B5.3.2 Construction of Transducer Arrays

Figure 5-6 shows the basic constructional.elements of the acoustic stack of a linear array. Th

front matching layer, active element, backing, electrode, etc.).

make the connection between the array elements and the micro-coaxial cable.

and connectors are used for arrays with high element counts, for example an 840 element 1.5D
showmin Figure 5-7 having four cables/connectors.

108
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clements are mostly the same as those found in single element transducers shown in Figure 5-3 (i.e.,

The largest difference between singlé element transducers and arrays is the handling of the mulfiple
clectrical connections. Here, one.micro-coaxial cable must be connected to each active element. While
this can be done in many ways, intermediate rigid or flexible printed circuit boards are often usdd to

Aside from the acoustic-stack, constructional elements include the array case and the cable/conngctor
assembly. Typicallyyatrays are provided with a “potted cable”, that is, the cable is integral to the grray
and does not disconnect from the array. This is due to the lack of suitable, miniature connectofs to
achieve the required tens to hundreds of connections that would be required. The instrumenttend
connector_is-ehosen to mate to the appropriate system-specific connector. Sometimes, multiple cgl:les

ray


https://asmenormdoc.com/api2/?name=ASME PTB-15 2023.pdf

ASME PTB-15-2023: FULL MATRIX CAPTURE TRAINING MANUAL

Figure 5-7: 840 element 1.5D array (420 electrical connections) showing cable assembly with four, 128

channel cable assemblies with IPEX connectors

Image Courtesy of Sensor Network Inc.

5.3.3 Matrix Arrays

Generally, matrix arrays are those where the element patteriiis segmented in two dimensions, resu
in an array that can achieve electronic control of the sound field in all three dimensions: azin
clevation, and depth (Figure 5-8).

[n a traditional sense, the 2D array is one where the element pattern is placed in a rectilinear grid
cqual pitch in azimuth and elevation directionsThis allows equal steering and focusing perform
on both azimuth and elevation planes but do¢s*so with a maximum amount of system channels. A
example, an 11x11 element array requiressi21 system channels and often yields a small aperture
when elements are sized to achieve good steering, thus possibly limiting the imaging performand
the array.

However, the requirements for.steering and/or focusing on the elevation direction are often ng
stringent as what is needed imythe azimuth direction. This allows for alternative array patterns sud
1.25D, 1.5D, and 1.75D a$§ shown in Figure 5-9, which give some amount of control over the eleva
plane but with relaxed fequirements on channel/element counts. Thus, for the channel count availg
the array can potentially be designed with a more efficient use of those channels.
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Figure 5-8: 2D matrix array. The secondary axis of beam control allows electronic manipulation of the
beam in three dimensions: azimuth, elevation, and depth at the expense of increased channel count and
system complexity.

Image Courtesy of Ed\%\@ echnologies
S

Figure 5-9: Taxonomy for matrix arrays showing;the increased control over the elevation plane that can
be achieved in tradeoff to increa@ng channel count and system complexity.
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Image Courtesy of Sinewave Solutions

Figure 5-9 shows that transducer taxonomy in terms of the array elevation architecture and wiring.
Elevation performance increases progressing from the 1D linear case (left) to the full 2D architecture

(right) at the expense of system channels and complexity.
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Moving from left to right in Figure 5-9, the 1.25D and 1.5D architectures are suitable when only
focusing and/or aperture control is needed in the elevation plane. The 1.25D uses only one system
channel for each elevation row and uses active switching in the probe head to increase or decrease the
elevation width of the probe. While this architecture is somewhat common in medical imaging
transducers, it is not typically used in industrial transducers because manufacturers have not adopted
the incorporation of active electronics into the probes themselves. Beam steering in the elevation plane
is not possible with this architecture.

The 1.5D architecture takes advantage of symmetry when only focusing is needed in the elevation
planc. SYMMeTTic Tows of cICMents are wired in pairs To System channels, alfowing more etficien] use
of the system channels. Often, the elevation pitch is selected to be relatively large, and optionally aflens
is used to pre-focus the beam. Phasing is used to adjust the focal depth in or out as needed. Beam
steering in the elevation plane is not possible with this architecture.

The 1.75D architecture is distinguished from the full 2D architecture in that the piteh is selected tp be
relatively large so that only limited steering is available in the elevation plane. A‘lens may be usgd to
pre-focus the beam. This architecture is commonly used in dual matrix arrays for nuclear inspection.
Notably, the electronic steering capability of the array in the azimuth plan¢‘will greatly exceed the
Capability in the elevation plane where only limited beam steering is possible.

There are additional matrix array architectures including segmented<annular, randomized, and sparse
arrays that can achieve various performance goals.

Figure 5-10: Common array geometries used in non-destructive testing applications

1.5-D Array 2-D Array Sectorial Annular

el -

Convex Concave Annular Internal Focus
Skewing Variable Angle Dual Linear Dual 1.5-D

Image Courtesy of Sensor Network Inc.
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There are many different types of arrays that are commonly used in NDT applications. Some of these
are simply variations of the basic linear array (variable angle) and others are significantly different in
configuration and application (segmented annular for instance). Figure 5-10 shows many of the
common configurations. For this discussion, a brief application with comments regarding the
applicability of TFM/FMC is as follows:

Linear: As previously discussed, the linear array is segmented in one direction and allows one active
imaging plane. It is the most used array geometry, and variants such as variable angle, skewing, and
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dual linear configurations are also common. These arrays are commonly used and suitable for
FMC/TFM for both linear and angular sweep imaging.

The 1.5D, 1.75D, and 2D Matrix: 1.5D, 1.75D, and 2D configurations add additional control over the
elevation plane and allow focusing and steering (for 1.75D and 2D configurations) at the expense of
additional element count and complexity; see additional discussion in “matrix arrays”. Because a
significant benefit of FMC/TFM is the ability to achieve optimal focal properties over a large range of
material depth, the fixed elevational beam characteristics of the linear array may be suboptimal,
particularly when imaging thick sections and noisy materials. As such, matrix arrays can be used to
overcome this deliciency.

Annular: The annular array is a configuration used to achieve control over the focal depth of the
transducer. It is particularly useful when combined with dynamic depth focusing (DDF) té achievie an
optimal focus over a large range of material. FMC/TFM does not achieve much if any advantage pver
DDF, so it would be unusual to pair an annular array with FMC.

Segmented Annular: The segmented annular geometry is often used to perform linear scanning with or
without steering and focusing on cylindrical geometry when inspecting from ‘the end view off the
cylinder. The inspection of bolts for cracking is a common application, as wellvas inspection of rivieted
joints. FMC/TFM could be used in a cylindrical scanning application to“inicrease focal resolution|and
depth of field.

Focused Linear: An elevation focus can be applied to a linear array by either curving the array in the
clevation direction or adding a plano/concave or plano/conveX lens to the array. Elevation focusing
provides a tighter spot size in the elevation direction, thereby{providing narrower “slice thicknes$” at
the expense of a shorter depth of field. The smaller spot sizg;achieved with elevation focus can impfove
the ability to detect small size defects and is suitable to-use with TFM/FMC.

[inear Convex/Linear Concave: Curved linear arrays.(CLA) are often used for phased array inspedtion
of tubes and bars from the OD (concave) or ID (convex). Curved linear arrays are suitable for use pvith
TFM, particularly if a large depth of field is'required for the application. CLAs are often used in
production environments where testing speed is critical. Therefore, an analysis would be requirdd to
determine if TFM would result in any gain in testing productivity.

Variable Angle: Variable angle is a-vatiation of the linear array, using a wedge to pre-steer the nonjinal
refracted angle of the beam in the component. The wedge is often externally supplied and attachgd to
the array using machine screws, This has the advantage of replacing the wedge separately fron] the
array. Arrays can also be-fabricated with internal wedges. Variable angle scanning is commor] for
inspecting welds, and TFM offers benefits of improved testing speed and improved imaging dyge to
increased image dengity-and improved focusing.

Skewing: Skewing.is another variation of the linear array and is similar to variable angle in that a w¢dge
is used to pressteer the beam to a nominal refracted angle. However, in this case, the array elevdtion
plane is parallel to the wedge angle and the azimuth plane is perpendicular to the wedge angle.
Electronic:steering of the beam then skews the refracted angle and is suitable for detecting and siging
off-axis.eracking in welds. A larger linear array can also be placed in a similar position so that a linear
scafi-¢an be accomplished in the skew direction. TFM could provide improved focusing and inhage
formation in this application.

Dual Linear/Dual Matrix: Similar to the dual element of Figure 5-3, linear and matrix arrays can be
configured in a dual approach, separating the transmit and receive elements. This approach is useful in
improving near-surface resolution and decreasing backscattered noise. These transducers are
commonly used for inspecting thick section cast stainless steel pipes and vessels found in nuclear power
plants. As with the variable angle case, TFM can offer the benefit of improved resolution and possibly
testing speed over the conventional phased array approach.
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54 Transducer Sound Fields

This sub-chapter discusses basic beam models that enable quick calculation of many of the sound field
parameters that can be used to describe the performance of the array elements and the array apertures.
These models all derive from the approximation of a single frequency “continuous wave” source. While
actual transducers used in NDE have considerable bandwidth, these models still offer a good
approximation of performance and the beam parameters and can be readily computed without any
special software. More sophisticated models are also available, as discussed in Chapter 6.

5.4.1 Basic Beam Modeling

Typical ultrasonic wavelengths are relatively large, in the range of millimeters, and are of a'Similar
magnitude to the size of the transducer generating the sound field. Thus, the beams emanating from
ultrasonic transducers cannot be treated as plane waves, and are more aptly described\as diffragtion
patterns, having beam intensity that varies widely (Figure 5-11).

Figure 5-11: Field II/Matlab beam simulation from a SMHz, 12.7mm diameter ultrasonic transducgr
radiating into water. Sound intensity is indicated by the color scale in{relative units

100

Simulation from Field II.
(1) J.AWensen: Field: A Program for Simulating Ultrasound Systems, Paper presented at the 10th Nordic-
Baltic,Conference on Biomedical Imaging Published in Medical & Biological Engineering & Computing, pp.
351-353, Volume 34, Supplement 1, Part 1, 1996.

(2) J.A. Jensen and N. B. Svendsen: Calculation of pressure fields from arbitrarily shaped, apodized, and
excited ultrasound transducers, IEEE Trans. Ultrason., Ferroelec., Freq. Contr., 39, pp. 262-267, 1992.
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as an infinite number of infinitesimal sources on the surface of the face of the transducer, each source
radiating a semi-spherical wave into the propagation medium at a single frequency (Huygens’
principle). Mathematical integration sums all the contributions of these infinitesimal sources at each
point in the acoustic beam and yields relatively simple formulas describing beam divergence, spot size,
and depth of field.
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5.4.2 Near Field Distance

The contributing waves from the infinitesimal sources on the surface of the transducer constructively
and destructively interfere to create fluctuations of the beam intensity in the radiated field of the
transducer. These effects are sometimes generally referred to as diffraction effects. This interference
can create extreme fluctuations, particularly in the region near the transducer. This region of extreme
fluctuation is referred to as the transducer near field or Fresnel zone.

Further from the transducer, the infinitesimal sources are too distant to destructively interfere, and the

cam becomes more uniform, spreading like a spherical wave front. This region is referred to as the far

field, or Fraunhofer zone. The on-axis transition point between the two zones is referred to as the,phear

field distance, N, and is computed using Equation 25 for circular transducers.
2

N—D 25

N = Near field distance

D = Transducer diameter (or aperture width)

). = Ultrasonic wavelength (velocity/frequency)
Figure 5-12 depicts the near field and far field regions of a circular transdueer along with the near field
distance, N. Intensity fluctuations are due to the constructive and destructive interference that occurs
within the near field and are depicted for both on axis and lateralbeam profiles.

Figure 5-12: Modeled sound field of a flat ultrasonic transducer; showing the intensity fluctuations in| the
near field transitioning to a smoothly varying beam at and‘beyond the Near Field Distance, N.

MaAXIMUM

Image Courtesy of Evident Scientific, Inc.

The near field distance is an important parameter of a transducer aperture for several reasons. First} the
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region to perform inspection as it is the point of maximum beam intensity and lacks the extreme
fluctuations that can occur within the near field. When considering the sound field of arrays, the passive
axis/elevation plane is often flat and unfocused, so the region of natural elevation focus is at the near
field distance. Minimum “slice thickness” will be obtained at the near field distance and within the -
6dB depth of field surrounding the focal point. Secondly, when using focusing, either with a focusing
lens or with phased array, it is only possible to focus within the near field where constructive and
destructive interference can take place. Strong focusing can only be obtained within the region of
approximately N/2. Weaker focusing can occur beyond N/2 to the natural focal point at the near field
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distance for a flat aperture. The array practitioner should be aware of the near field distance for the
elevation (passive) and azimuth (active) planes to help understand what may be achieved in an
inspection. The near field distance can be increased by increasing aperture size or by decreasing the
ultrasonic wavelength (by increasing transducer frequency).

5.4.3 Focusing Flat and Curved Oscillators, Spot Size and Depth of Field

The modeling of focused apertures is important to understand the imaging capability of array apertures
in both the active and passive planes. In the active imaging plane, conventional phased array
beamforming as well as TFM/FMC processes create a focused beam electronically. The abilitly to
achieve good resolution of defects depends upon the beam characteristics at the point of the deféct.[The
largest advantage of FMC/TFM is that the beam can be focused everywhere on the active plane within
the limit of the near field distance, improving resolution for targets that vary in distance from the qrray
versus the fixed focal depth that is usually achieved with conventional phased array,Te achieve stfong
focusing with phased array including TFM, it is still important that the imaging‘aperture produdes a
near field that is well beyond the desired focal point. Lateral beam width and depthlof field are important
parameters that can be calculated for a focused aperture, though with TFM, depth of field is someyhat
irrelevant as the focal point is adjusted dynamically.

[n the passive plane for linear arrays, a natural focus and depth of field is present, even without the
presence of a focusing lens. As mentioned, the near field distance 6P a flat aperture is a natural focal
point where the beam intensity is maximum, and the lateral beanfwidth is minimum. The lateral pot
size is easily approximated as (.22 times the elevation width for fectangular apertures. The -6dB depth
of field is approximately identical to the nearfield distance,"\N.

Figure 5-13 schematically shows the basic beam charaeteristics of flat and focused oscillators thaf are
of most interest, the focal length, F, lateral spot size:Ex and depth of field Ez. Often, it is necessafy to
make the calculation assuming that there are twe\propagation mediums, for instance in the case of
immersion testing or when a transducer is placéd©n a wedge. Interestingly, this does not create a chgnge
in the beam diameter, but it does alter the depth of field and the location of the focal point. Tablg 5-1
shows the equations that can be used to.calculate spot size for flat and focused apertures.

F-number: The equations of Figure 5<13 and Table 5-1 offer straight forward calculations of the
characteristics for the active and passive imaging planes. The F-number, commonly used for optical
lenses, is defined as the ratio of'focal distance from the transducer, F, to the aperture size D. The laferal
spot size is easily approximated as the sonic wavelength times the F-number of the aperture and|is a
useful way to quickly estimate the lateral image resolution capability of an aperture. In FMC/TFM, it
is important to note that/the F-number will change as the focal point moves away from the apefture
when F/D > 1); therefore, shallower targets will potentially be more “in focus” than deeper targets.
Constant F-number (also referred to as “constant angle”) imaging is possible with some systems where
the number of.elements used in the TFM pixel reconstruction are adjusted based on the distance from
the transducer. Aperture size can then be increased with imaging depth to create a constant spot|size
and imaging resolution.
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Figure 5-13: -6dB spot size (Ex) and -3dB depth of field (Ez) for flat and focused circular transducers

WP

Ez Ez

Image Courtesy of Sinewave Solutions

Table 5-1: Approximate formulas for -6dB spot size for.flat and focused oscillators, narrow band

approximation
Direct Contact With Standoff
(F’=F+WP*(Cw/C))
Ex (-6dB) Ez (-3dB) Ex (-6dB) Ez (-3dB)
Focused Apertures (F ) F\? F' F'\?
1.03A( < _ —
5 3.61 (D) LO3A( 4 3.61 (B)
Un-focused @ 0.26D D? 0.26D D?
Near-field (F=N) a0 a0
Un-focused in Far- z z
103A (= 1.03A (=
field (D) ( D)

Courtesy of Sensor Network Inc.

Ez = Axiakdepth of field (-3dB)
F = Focal length
). =(Ultrasonic wavelength (velocity/frequency)

= Element diameter/aperture size

z = Distance from transducer

F’ = Adjusted focal length in second material (accounting for standof¥)
WP = Water path/distance in water (or wedge path)

C = material velocity

Cw = water velocity (or wedge velocity)
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Notes:

1. The author has found these equations to be useful approximations of the beam behavior of
focused and unfocussed ultrasonic transducers. Technically, these equations are derived for
circular apertures and while there are additional expressions for the rectangular apertures
typically found in phased array, it is recommended that those looking for additional precision
should seek the use of a broadband beam model rather than a more precise “approximate”

expression.

2. According to H. T. O’Neil, “Theory of Focusing Radiators”, The Journal of the Acoustical

Society of America 21, 516-526 (1949)
3. The expressions for transducers are written with the assumption that the focal length F i

length is set based on lens geometry and within the standoff material, the focal length w
the material is: F=(Fw-WP)Cw/C.

B5.4.4 Beam Divergence/Array Element Performance

So far, the discussion regarding acoustic sound fields of transducers-has focused on indivi
transducers or transducer apertures consisting of multiple array elements. However, it is equ
important to consider the beam characteristics of individual array elements, particularly, their ang
response or divergence.

Figure 5-14 depicts the TFM reconstruction of three image pixels in the active plane of a 32-eler]
linear array transducer. The “steering range” of elements I\ahd 8 are depicted as dashed lines it
image. Depending on the pixel being reconstructed, the‘portion of the element’s beam that is usg
the reconstruction may or may not validly contribute tocthe reconstruction. In the case of Pixel 3 i
image, neither element 1 nor element 8 provide a valid contribution to the pixel reconstruction, in w
case, summing the waveform data from those elements would only contribute noise to that pixel.

limitations of element beam divergence
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g walid contribution
| Steering ||\ I
|  Paeas S
| ( \\_ \
o N Aop g
k - e ——
2 Y/ T Pined 3

1 * I "

W gl a Pinel 3

0 - H

a / ¥ A irvalid cont ribution

Image Courtesy of Eddyfi Technologies

The~way to describe array element performance is through the beam divergence calcula

b set

within the material as is typical when operating a phased array. For the case where the flocal

thin
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ular

nent
the
d in
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Figure 5-14: Graphical representation of valid, marginal, and invalid element contributions due to the

ion,

kchematically shown in Figure 5-15 The divergem‘e of rPr“mngn]m‘ elements is mathemati

ally

described by a sinc function, i.e., sinc(x)=sin(x)/x.
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Figure 5-15: Schematic representation of beam divergence half angle.

2N 3N 4N

Image Courtesy of Evident Scientific, Inc.

(e

2
0/2 = half angle beam divergence

). = ultrasonic wavelength (velocity/frequency)
D = element width
K = 0.602 (one-way/free field) or 0.442 (two-way/pulse-echo)

(1) J.A. Jensen: Field: A Program for Simulating Ultrasound Systems, Paper presented at the 10th Nordic-
Baltic Conference on Biomedical Imaging Published in Medical & Biological Engineering & Computing, pp.

351-353, Volume 34, Supplement 1, Part 1, 1996.

(2) J.A. Jensen and N. B. Svendsen: Calculation of pressure fields from arbitrarily shaped, apodized, and
excited ultrasound transducers, IEEE Trans. Ultrason., Ferroelec., Freq. Contr., 39, pp. 262-267, 1992.
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From the perspective of array element performance, one typically looks at the pulse echo respdnse,
which is described by the function (sin(x)/x)2 because th¢yelement is typically used to both trankmit
and receive. A useful rule of thumb to evaluate whether an element will contribute is to look at the -
6dB pulse/echo divergence angle. Figure 5-16 graphically shows the one-way and two-way beam
divergence for an array with a pitch that is two wavelengths in size. The red, dashed lines show the -
6dB points.
Figure 5-16: One way (free field) andtwo way (pulse echo) response for an array element two
wayelengths in size (D/A=2)
Free Field Directivity, D/A ='2 Pulse-Echo Directivity, D,/A = 2
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It is most convenient to consider array element size based on its comparison to the wavelength of the
ultrasonic beam as computed from the transducer center frequency and the wave velocity in the
propagation medium. This makes the computation universal, and the plotted results in these chapters
will hold for various element sizes.

Ideally, the array element pitch should be chosen to be very small, on the order of 0.5 wavelengths. In
this way, the element divergence is wide and lacks unwanted grating lobes. However, designing to 0.5
wavelength may result in an impractical solution as large amounts of steering are often not needed and
a large number of system channels are required to create meaningfully large apertures.

Figure 5-17 displays the -6dB divergence angle as an element size in wavelengths. This proyides a
quick visual reference to evaluate array element steering performance.

Figure 5-17: -6dB divergence half angle for element size in wavelengths (pulse echo)

-6dB Divergence Angle for Array Elements in Pulse Echo

60
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Simulation from Field II.
(1) J.A. Jensen: Field: A Program for Simulating Ultrasound Systems, Paper presented at the 10th Nordic-
Baltic Conference on Biomedical Imaging Published in Medical & Biological Engineering & Computing, pp.
351-353, Yoluime 34, Supplement 1, Part 1, 1996.

(2) J.A. Jensen and N. B. Svendsen® Calculation of pressure fields from arbitrarily shaped, apodized, and
excited ultrasound transducers;AEEE Trans. Ultrason., Ferroelec., Freq. Contr., 39, pp. 262-267, 1992.

B.5  Array Design for FMC

This sub-chapter focuses on strategies for choosing the array parameters of frequency, element pjtch,
clevational width, andfnumber of elements/system channels to provide good performance i an
FMC/TFM application.
We will concentrate on linear arrays in linear and sectorial imaging scenarios. The basic condepts
introduced, Can’ be applied to more complex array geometries with commensurate complexity of
analysise Beam modeling becomes increasingly necessary when evaluating the tradeoffs for complex
array.geometries.

B.5.1 Goal of FMC/TFM Imaging

The typical goal of FMC/TFM is to inspect (image) a volume of material, where all of the volume
inspected is tightly in focus. The parameters of the probe should be selected to enable this goal.

Perhaps the simplest way to highlight the goal of TFM is to contrast it with conventional phased array.
While both methods aim to inspect volumes of material using electronic manipulation of a set of array
elements, conventional phased array often achieves that goal with relatively small apertures and at a
single focal length. The result is that when imaging a volume of material, for example a side drill hole
block, only certain targets will appear in focus. Additionally, the reduced apertures typically involved
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in standard PA (16 or 32 elements) limit the near field distance and perhaps the ability to achieve a tight
focus in the entire volume of interest. While an overly tight focus in conventional PA limits the depth
of field and can be problematic for volume imaging, TFM provides the ability to focus independently
on each pixel of the image, thereby enabling the use of tight focal ratios that would be impractical with
conventional phased array.

See Figure 5-18 and Figure 5-19 to contrast the differences between standard TFM, sectorial TFM, and
standard phased array. Figure 5-18 contrasts the ability to focus “everywhere” in the volume as
compared to a single focal point with standard phased array. Figure 5-19 contrasts the impact of aperture
Fize. All else being equal, smaller apertures will reduce the focusing capability ol the array.

Figure 5-18: B-scan view of a @ 1 mm SDH Standard using a S MHz linear array, 64 elements, L.V
wedge: Standard phased array (right) compared to FMC/Sectorial Total Focusing (STF) method (cerjter)
and FMC/Total Focusing Method (TFM) (right). Note that for standard PA, the targets are’only in fgcus

at a single depth.
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Image Courtesy of Eddyfi Technologies

Figure 5-19: B-scan view of a @ 1 mm SDH Standard using a 5§ MHz linear array, 64 elements, LW
wedge with varying aperture size. Note the'reduction in resolution that corresponds with decreasing
aperture size with corresponding increase in the effective lateral beam size.
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Image Courtesy of Eddyfi Technologies

To achieve strong focusing on a volume of material, it is critical that the near field of the array is well
beyond the region of interest for imaging so that strong focusing can be achieved. No beam shape
improvement by focusing can be achieved at or beyond the near field distance (Figure 5-21). For a
rectangular-shaped aperture, typical for linear phased array transducers, the nearfield distance is given
by Equation 27.

DZ
N =1352(27)
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N = Near field distance
D = Transducer diameter (or aperture width)
A = Ultrasonic wavelength (velocity/frequency)

While there is no simple rule or equation that can yield the optimum positioning of the region of interest
within the nearfield, when reconstructing an imaging point within approximately 2 of the nearfield,
strong focusing will be achievable. As the focal distance moves from % to 1 time the nearfield distance,
the focusing will be reduced to ultimately that of the equivalent, unfocused, flat oscillator. The
quations in Table 5-1 can be used to estimate the lateral spot size achievable for a given array aperture
or modeling can be used to further estimate the imaging performance.

With respect to TFM, the near field distance can be computed in terms of the relevant probe payamg¢ters
of frequency (f), system channel count (S), element pitch (P), and material velocity (C) as_follows

f(sP)? 28)

N =135
4C

N = near field distance

f = transducer frequency
S = system channel count
P = element pitch

C = material velocity
Figure 5-20 shows a ray traced example of weld inspection using sectorial TFM (or sectorial phased
array) and the relative relationship between the region of interest for imaging vs the positioning of the
near field distance. Given this example, one could expect strong focusing on the region of int¢rest
nearest to the probe, while further from the probe{the imaging performance might degrade s it
approaches the near field distance. Changes in prebe pitch, frequency, or number of imaging channels

could be used to push the nearfield point furthér beyond the region of interest may be required to
achieve stronger focusing over the entire area:

Figure 5-20: Example of probe and wedge configuration with consequent near field area and the regfon
of interest‘on 25mm thick carbon steel weld

Region of

r
Interest e e

Field rone

Image Courtesy of APPLUS

DS Angle Limitation/Constant Focal Kauo (F/D)

One half wavelength element are often recommended for FMC/TFM due to the broad beam divergence
and lack of grating lobes that could be present in the image due to spatial aliasing. However, for linear
scanning applications in particular, %2 wavelength elements can result in a relatively small probe
footprint, particularly with respect to typical TFM instrument channel counts of 32 or 64 elements.
Wilcox et al. studies the use of greater than 2 wavelength elements and concludes that the approach is
conservative for linear scanning applications. The use of larger elements offers increased probe
footprints at the expense of potential image artifacts due to special aliasing. Instrument algorithms can
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counteract the generation of artifacts when reconstructing image pixels by selecting or deselecting the
elements contributing to the reconstruction based on whether they will meaningfully contribute based

on the ray angle and the element beam divergence (Figure 5-14).

Figure 5-21 shows a comparison of the beam divergence plots for ', 1.0, and 4.0 wavelength elements.

The clear benefit of the 2 wavelength element is that there is no necessary consideration of the

ray

angle. Any angle within +/- 180 degrees is acceptable. The useful angle range narrows considerably for

the 1.0A and 4.0A elements.

Figure 5-21: Beam divergence plots for element sizes of a) 0.5A b) 1.0A and ¢)4.0

I S

(a) (b)

Simulation from Field II.
(1) J.A. Jensen: Field: A Program for Simulating Ultrasound Systems, Paper presented at the 10th Nordic-
Baltic Conference on Biomedical Imaging Published in Medical &Biological Engineering & Computing, pp.
351-353, Volume 34, Supplement ¥, Part 1, 1996.

(2) J.A. Jensen and N. B. Svendsen: Calculation of pressure fields from arbitrarily shaped, apodized, and
excited ultrasound transducers, IEEE Trans. Ultrason., Ferroelec., Freq. Contr., 39, pp. 262-267, 1992.

[arge elements can help achieve the combined FFM goal of strong focusing with maximal scan w
An additional goal may be to reduce the cost of the electronics and transducers, as increasing
channel count, for example from 32 to _64,-dramatically increases the instrument cost, and to a 1g
extent also increases the transducer cost:

Figure 5-22 shows a comparison between three arrays with varying pitch to illustrate the effect on 1
imaging. From left to right in_the image are represented the following arrays/results: 64 element,
mm pitch (0.54); 32 element, 1:26 mm pitch (11); and 21 element, 1.89 mm pitch (1.51). Note tha
same physical array wasused for the comparison but was spatially down sampled to create t
cffectively different arfays. In the case of the top row of images, no angle limitation is used to limi
imaging artifacts due-to spatial aliasing. Conversely, in the bottom row, angle limitation was app
effectively remaoving the imaging artifacts while preserving the image quality on the side drilled h
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 the
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Figure 5-22: CIVA simulations of direct-contact imaging, contrasting the results of TFM using 0.5, 1, and
1.5 wavelength elements, with and without angle limitation. (a)-(c) processed using a Conventional TFM
algorithm, (d)-(f) processed with angle limits (cone filter) of 30, 30, and 19.5 degrees, respectively. Results
obtained using the following arrays: (a), (d) 64 element/0.63mm pitch (0.53), (b), (e) 32 element/1.26mm
pitch (1) and (c), (f) 21 element/1.89 mm (1.54) pitch.
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Image Courtesy of CIVA software and
Extende

The strategy of using greater than 42 wavelengtlv,clements can be evaluated by calculating their beam
directivity and potential contribution to improving the lateral resolution through focusing. Tablg 5-2
computes the -6dB half angle beam divergence value for various element sizes, computing: 1) the
maximum focal ratio that can be achieved without excessive imaging artifacts due to grating lobes|and
D) resultant potential lateral resolation in wavelengths. While it is convenient that 2 wavelehgth
clements reduce the potential for imaging artifacts, the table highlights that the achievable focal ratios
will not substantially increaseJateral resolution, which is diffraction limited at approximately one times
the wavelength at best. This is-further evidenced in Figure 5-22 where effectively larger element pitthes
are shown to achieve similar imaging performance as compared to the 2 wavelength case as lonlg as
angle limitation is used to prevent unwanted artifacts in the image due to grating lobes.

Table 5-2: Computations of achievable resolution based on element size, beam divergence and resulting
focal ratio and focusing effect.

Element Size Half Angle Possible Focal Ratio Potential Lateral
(Wavelengths) Divergence (F/D) Resolution

(Degrees) (Wavelengths)*

0.5 62.2 0.3 0.2

0.0 47.5 0.5 0.4

0.7 39.2 0.6 0.5

0.8 33.6 0.8 0.7

0.9 29.4 0.9 0.8

1 26.2 1.0 0.9

1.1 23.7 1.1 1.0

Courtesy of Sensor Network Inc.
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* Lateral resolution is limited to approximately one wavelength in the material so the use of less
than F/D=1.0 focal ratios though enabled by sub wavelength elements yield diminishing returns from
an imaging perspective except for the convenience of not requiring angle (F-number) limitation.

5.5.4 Selection of Array Parameters (Active Plane)

The inter-related FMC parameters must be considered for the active plane: probe frequency, element
pitch, and number of system channels. Selection of these parameters dictates imaging performance
based on computations such as near field distance, aperture size/scanning width, focal ratio, and spot
ize. Probe frequency is usually the first parameter selected, as the probe pitch is set based o1 the
esultant wavelength in the test object.

.5.4.1 Frequency

he operational frequency of the array is tremendously important to defect deteCtion and imaping
erformance and is mainly governed by the application from a defect detection/petspective. Oncg the
rray frequency is chosen, the other active plane array parameters are set based on the resulting
avelength in the test piece, particularly the array pitch and resultant aperture based on available sygtem
hannels.

he considerations for frequency are generally as follows:

. If goal is to maximize SNR (where noise is due to microstfucture) then there is a sweet spot —
increasing frequency will initially increase SNR because when'the microstructural noise is dominated
y single scattering, a smaller the focal spot (i.e., higher friequency) means fewer grains contribuje to
oise at each point in the image. At some point, SNR starts\to degrade again as multiple scattering sfarts
o dominate and the noise increases.

. If goal is to maximize resolution, high frequencyiis-better (up to the onset of multiple scattering)| but
here is a potential conflict if associated reduction in array element pitch reduces the size of grray
perture because the total number of array elements is constrained.

mportantly, the frequency (wavelength), elément pitch, and system channel count dictate the nearfield
istance as already discussed, which.is(critical to achieving a strong focusing ability.

t is always useful to consider non-TFM inspection results prior to selecting probe frequency, as TFM
is a method primarily for improving the focusing over a volume of material. To the extent |that
onventional or conventional'phased arrays have already successfully been used for inspecting a test
bject, the probe frequency can be nominally carried over to a similar TFM inspection.

enerally, adjusting the.array frequency results in the following advantages/disadvantages.
dvantages of chgosing a higher frequency:

mproved defect detection: Higher frequency can improve defect detection because the minithum
esolvable defect is on the order of the ultrasonic wavelength in the material. (Until the onset of mulfiple
cattering)

mproved lateral resolution: The lateral spot size decreases for increasing frequency.
ncteased near field depth: Focusing can only be achieved within the near field that is increased vith
igher frequency. However, to the extent that higher frequency reduces element pitch, increased sygtem
channels would also be needed to overcome the reduction in aperture.

Disadvantages:

Attenuation and/or scattering increases with increasing frequency and can result in an inability to detect
defects, particularly as increased attenuation is often associated with increased noise caused by
backscatter from material grain boundaries. (See point a. above for discussion on single vs. multiple
scattering.)

For a given element size, beam divergence is reduced, perhaps limiting the useful angular imaging
range and/or can cause limits on ability to achieve focus.
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Element sizes are generally smaller, resulting in smaller apertures and/or the need for increased system
channels.

5.5.4.2 Pitch/System Channels

The array pitch defines the aperture size based on the number of system channels available and thus
further dictates the array scanning width (for linear scanning applications) and the imaging performance
(based on the near field distance and resultant focal ratio and spot size). For sectorial imaging FMC,
the array pitch also dictates the amount of angular range over which an element can usefully contribute
to the image reconstruction.

Typically, the element pitch is first chosen based on the frequency of the array and resultant wayelepgth
in the material. Generally, half wavelength elements are the starting recommendation due,to their broad
angular directivity (Figure 5-21) and resulting lack of potential imaging artifacts. If this approach yjelds
an aperture that is too small (unacceptably small scan width or near field distance), then/a larger elethent
pitch of up to one wavelength should be evaluated as long as the angle limitatien\is supported i1} the
TFM/FMC algorithm. For linear scanning applications, one wavelength elements-are likely preferdble.

Figure 5-23: Schematic representation of critical parameters for linear scaniiing and sectorial scannjng
FMC/TFM

Linear Scanning FMC/TFM Sectorial Scanning FMC/TFM

Aperture
Aperture/Scan Width

Angular
- Deviation

Exterit of Strong -
Focusing

Near Field Distance

Near Field.Distance

Simulation from Field II.
(1) J.A. Jensen: Field; A Program for Simulating Ultrasound Systems, Paper presented at the 10th Nordic-
Baltic Conferenc€ on Biomedical Imaging Published in Medical & Biological Engineering & Computing, pp.
351-353, Volume 34, Supplement 1, Part 1, 1996.

(2) J.AsJensen and N. B. Svendsen: Calculation of pressure fields from arbitrarily shaped, apodized, and
excited ultrasound transducers, IEEE Trans. Ultrason., Ferroelec., Freq. Contr., 39, pp. 262-267, 1992.

Once the<active aperture is calculated, important parameters such as the scan width and near field
distane¢<an be computed. Notably, the near field distance for the aperture should be sufficiently large
such that the imaging reconstruction is within 50% or less for strong focusing to occur. Adjustments to
element pitch or system channel count can be done to adjust aperture/scan width and nearfield distance.

For sectorial imaging FMC, the angular deviation should also be considered. If elements are half
wavelength in size, then there is no particular concern. If larger elements are selected, then the half
angle divergence formulas should be evaluated to ensure that the entire range of angles is within the -
6dB half angle at worst case. Elements greater than the wavelength can also produce grating lobes with
resulting imaging artifacts that may cause degradation in imaging performance.

At maximum imaging depth, it is also useful to consider the focal ratio (F/D) and estimate the lateral
beam spot size (Table 5-1). F/D values less than or equal to one will achieve strong and uniform
focusing as the lateral resolution will be approximately one wavelength.

125


https://asmenormdoc.com/api2/?name=ASME PTB-15 2023.pdf

ASME PTB-15-2023: FULL MATRIX CAPTURE TRAINING MANUAL

5.5.4.3 Algorithms for Setting Active and Passive Plane Parameters

The following are recommendations for a structured way of deciding on the active and passive p
parameters of linear arrays for TFM/FMC. Two algorithms are presented for setting the active p

lane
lane

parameters for the cases of linear imaging and sectorial imaging. The algorithms differ slightly as there
is a difference in the goals of the inspection and therefore the desired characteristics. In linear imaging,
generally a larger electronic scan width is desirable to minimize the number of mechanical scans
required to cover an area. Scan width can only be improved with an increase in system channels and/or
array pitch. Alternatively, sectorial TFM achieves area coverage through steering capability. Probe

idth based on system channels and/or probe pitch is still important to extend the nearfield beyenc
imaging area, but there is a secondary concern of maintaining sufficient beam steering capability.

he recommended algorithms begin by setting the probe frequency, which can be established base
nown inspection characteristics. The pitch is then recommended based on the wavelength
avelengths for the linear scanning application to improve scan widths and 0.5>avelengths
ectorial imaging. Increasing the pitch beyond these recommendations may be negéessary to achievq
esired nearfield depth and scan width but may introduce imaging artifacts. Even with 1.0 wavele
lements, angle limiting should be used to reduce artifacts due to special aliasing.

eam modeling is also a tool that can be used to verify the design resulfs-prior to array construc
asic continuous wave models can be used to quickly compute paraméters such as element diverge
ear field distance and beam widths. More sophisticated modeling software such as CIVA can be u
articularly when evaluating difficult tradeoffs.

inally, an algorithm for determining passive plane parameters is also presented as the passive p
lays an important (and sometimes overlooked) rolesin defect detection, sizing and ima
erformance.

.5.4.4 Linear Imaging FMC

Generally, the goal of linear imaging TFM/FMC is 1) to create a strong focus over an entire ima
volume of material with sufficient resolution to detect the desired material defects and 2) to achig

passes over the material. The following algorithm will assist in setting the active plane probe paramg
of frequency, pitch, and number of system channels. Often, the number of system channels is lin
and therefore requires the tradeoff of increasing element pitch, which in turn may require a redug
in probe frequency. Angle-limitation in the TFM algorithm can be used to counteract some ima
artifacts that can otherwise be created by using a larger than ideal element pitch.

[Linear Scanning Algorithm:
Step 1: Establish'basic inputs
Numbérof system channels (actual number available or desired number)
Material velocity (5900 m/s for carbon steel)
Maximum desired imaging depth
Desired scan width (single pass)

the
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E1ng
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sufficient scan width for a single pass inspéction, or alternatively to minimize the number of mecharical

Pters
ited
tion
bing

Step2—Sctprobe frequerncy
Set frequency based on material and defect considerations
Compute wavelength (A=Material Velocity/Frequency)
Step 3: Computations for 1.0\ elements
Probe pitch (Pitch=1.0*))
Aperture width (# System Channels X Pitch)
Near field = 1.35*(Aperture Width)*/(4*))
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Compute approximate lateral beam width at maximum imaging depth B(-6dB) = A[F/D]
Step 4: Test results

Is aperture width >/= desired scan width?

Is nearfield >= 2X Maximum imaging depth to achieve strong focusing?

Is beam width sufficiently small for desired detection and sizing?
Step 5: Decide/Iterate
Are step 4 results sufficient?

If yes, continue
If no:

If aperture width is too narrow, solve by either increasing probe pitch or incréasing syj
channels.

If the nearfield is too short, increase the system channels or probe pitch.

If the beam width is too large, increase the probe pitch or increase frequéncy.
Step 6: Modeling

Perform beam modeling, if possible, particularly if evaluating difficult tradeoffs.
Step 7: Proceed to setting passive plane parameters.

B5.5.4.5 Sectorial Imaging FMC

Generally, the goal of sectorial imaging TFM/FMC is 1) to-create a strong focus over an entire ima

sufficient angular scan width without generation of indaging artifacts such as grating lobes. Ideally|
half wavelength element pitch allows for large angular coverage without the introduction of spur
imaging artifacts such as grating lobes howevérslarger elements are often used to increase near
distance with a corresponding reduction in. useable angular coverage. The following algorithm
assist in setting the active plane probe paramieters of frequency, pitch and number of system chani

Sectorial Scanning Algorithm:
Step 1: Establish basic inputs
Number of system channels (actual number available or desired number)
Material velocity (longitudinal or shear)
Maximum imaging depth
Longitudinal er shear wave imaging
Maximpm angle deviation

Normally aWwedge is used to pre-steer the beam to a nominal angle for longitudinal or shear v
imaging. Angle deviation should be considered as the amount of deviation from the nominal anglg

Step 2:\\Set probe frequency
Set Frequency

tem

g1ng

volume of material with sufficient resolution to detect the desired material defects and 2) to have

one
lous
field
will
els.

yave

)

Compute wavelengin (A—Material Velocity/ Frequency) (Compute wavelength based on
longitudinal or shear wave in the inspected material as appropriate)

Step 3: Computations for 2 wavelength elements
Pitch (Pitch=0.5*})
Aperture width (# System Channels X Pitch)
Near Field = 1.35%(Aperture Width)?/(4*).)
Compute -6dB element divergence (if choosing > 0.5 lambda elements)
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Compute approximate lateral beam width at maximum imaging depth B(-6dB) = A[F/D]
Step 4: Test results

Is nearfield >= 2X maximum imaging depth to achieve strong focusing?

Is beam width sufficiently small for desired detection and sizing?

Is divergence angle sufficient to cover desired angular scan range?
Step 5: Decide/Iterate

Are step 4 results sufficient?

If yes, continue

If no:

If the nearfield is too short, increase the system channels or probe pitch.

If the beam width is too large, increase the probe pitch or increase frequency,

If the angular coverage is too narrow, decrease the element pitch or decrease frequency.
Step 6: Modeling

Perform beam modeling if desired, particularly if one is trying toresolve difficult tradeoff
Step 7: Proceed to setting passive plane parameters.

5.5 Strategy for Setting Passive Plane Parameters

etting the passive plane parameters is also important for imaging and defect sizing performance.

epth plane) is dynamically controlled while the passive (the elevation-depth) plane is usually passi
ontrolled by the selection of frequency, elevation width, and potential use of a focusing lens (for li
rrays). This may create non-uniform detection and\sizing capability with depth, even though the ag
lane is focused everywhere in the case of TEMZFMC. This is particularly apparent for flaws tha
maller than the beam width due to area-amplitude considerations or detection of small flaws in n
aterials.

igure 5-24 shows an “ideal” circular.cross sectional beam profile and a more typical elliptical b
rofile. The ideal case is not necessdrily a requirement of careful array design, but it is just usg
ighlight the fact that the active and passive planes are often significantly dissimilar and that
imaging performance can vary- with depth (Figure 5-25) despite the use of FMC/TFM in the ad
lane.

ue to lack of active.control in the elevation plane, it is usually necessary to make more compron
n performance. To-Contrast:

ircular/well controlled:

ecessary forymost uniform detection and sizing with depth
maging,small volumetric flaws in noisy material (i.e., titanium hard alpha)
ore dccurate defect sizing in elevation direction

Itis

ommon in phased array to have a non-uniform cross-sectional beam profile as the active (the azimuth-

vely
hear
tive
are
pisy

cam
d to
the
tive

ises

ficollected data)

mallybeam, requires smaller scan index in elevation direction (impacting scan time and larger Volrme

Elliptical/varying:
Larger beam allows larger scan index in elevation direction (faster scan time, less data)

For linear flaws, low impact to image and sizing performance. (lack of fusion, stringers)
Variation in detection and sizing performance for small defects
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Figure 5-24: Simulations of cross-sectional beam profile at focal point of flat and elevation focused linear
arrays. Ideal “circular” beam profile has equal sizing capability in both the active and passive plane.
More commonly, the beam profile is elliptical, having non-uniform sizing and resolution capability.

Linear Array Elevation Focused Linear Array

Passife Plane
>

Passife Plane
3
kn

-10 -5 0 5 10 -10 5 [} 5 10
Active Plane Active Plane
Simulation from Field II.

(1) J.A. Jensen: Field: A Program for Simulating Ultrasound Systems, Paper presented atthe 10th Nordic-
Baltic Conference on Biomedical Imaging Published in Medical & Biological Engineering & Computing, pp.
351-353, Volume 34, Supplement 1, Part 1, 1996.

(2) J.A. Jensen and N. B. Svendsen: Calculation of pressure fields from arbitrarily shaped, apodized, and
excited ultrasound transducers, IEEE Trans. Ultrason., Ferroelec., Freq. Contr., 39, pp. 262-267, 1992.

=

ultrasonic beam is only truly in focus when both the azimuth and‘elevation are focused. Variation
imaging performance will be seen due to the variation in elevation spot size for flaws that are small
than the beam spot due to Aréa~-Amplitude.

Figure 5-25: Simulations of varying beam spot size for flat and elevation focused linear arrays. Th[

Linear Array Elevation Focused Linear Array

Active Plane Passive Plane Active Plane Passive Plane

Simulation from Field II.

(1) J.A. Jensen: Field: A Program for Simulating Ultrasound Systems, Paper presented at the 10th Nordic-
Baltic Conference on Biomedical Imaging Published in Medical & Biological Engineering & Computing, pp.
351-353, Volume 34, Supplement 1, Part 1, 1996.

(2) J.A. Jensen and N. B. Svendsen: Calculation of pressure fields from arbitrarily shaped, apodized, and
excited ultrasound transducers, IEEE Trans. Ultrason., Ferroelec., Freq. Contr., 39, pp. 262-267, 1992.

129


https://asmenormdoc.com/api2/?name=ASME PTB-15 2023.pdf

ASME PTB-15-2023: FULL MATRIX CAPTURE TRAINING MANUAL

Notably, by recognizing the impact of the passive plane on imaging performance, array design can be
used to manage the passive plane spot size and can improve detection and sizing capabilities. The
remainder of the chapter is used to address designing the passive plane for linear arrays. More
complicated arrays with 1.25D to full 2D architecture can, of course, be used to provide active control
in the elevation-depth plane if needed for a particular application.

5.5.6 Flat or Focused?

The parameters to be set for the passive axis of the probe include the elevation width and whether a
ocusing lens will be applied. Notably, the frequency has already been set based on the performange of
he active plane. The passive plane (for linear arrays) can be treated as a static aperture with~focal
haracteristics that can be computed based on the discussion in Chapter 5.3.

enerally speaking, the flat, unfocused aperture is the standard solution for much ‘phased grray
inspection and should first be considered for FMC/TFM transducers as the goal of/TFM is usually to
rovide a focused image over a relatively large depth of material. Static focused apertures, on the dther
and, can be used to improve the detection and sizing performance in the passive plane of] the
ransducers but need to be used carefully due to the corresponding reductionin depth of field. (ther
rray geometries such as 1.25 — 2D arrays to achieve active control of theybeam spot in the elevdtion
irection of the array but with a large increase in the amount of system.channels required, and increpsed
xpense and complexity of the array.

ome contrasting advantages and drawbacks of flat, static fogused and active focused arrayd are
resented as follows.

lat:

onger depth of field consistent with FMC/TFM goal.of focusing everywhere
atural focus at near field distance. -6dB cross sectional beam profile approximately 0.25 timeq the
levation width.

asy to implement for contact or wedge mount transducers
arger area coverage in elevation scanning’direction thus potential for faster scanning/reduced [data
ollection

eam profile will likely be much widerin the elevation/passive direction than the azimuth
educed sizing and detection capability, particularly for small flaws

rea—amplitude can vary deteetion performance over depth

tatic Focused:

maller beam profile in elevation direction yields improved detection performance, particularly for
mall flaws and/or gfainy materials.

mproved sizing e¢apability in the elevation/passive scan direction

educed depthiof field lessens the amount of material that can inspected with the beam in focus.
educed beam width in the elevation/passive scan direction requires smaller scan index and potehtial
increasesin.scan time and amount of data collected.

otentially more complicated to implement in contact or wedge mount applications

ctive Focused:

OcUsS at att depths withra consisStent beam profite
Large increase in required system channels to achieve an aperture of sufficient size to produce focused
beams

A general recommendation is to first consider using an unfocussed aperture. This produces a lateral
beam spot to ~1/4 times the aperture width at the near field distance. This natural focus occurs at the
near field point and the focal depth of field is also approximately equivalent to the near field distance.
Ideally, the aperture size should position the near field point on the center of the region of interest in
the part to take advantage of this natural focal point.
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If the flat aperture is not able to provide sufficient detection or sizing performance, then focusing can
be used to improve detection and sizing in elevation direction. Focusing can be done by lens or by
curved ceramic. Focal ratio dictates improvement in lateral beam width at expense of shorter depth of
field. Standard rules for focusing apply—and the elevation width needs to be sufficient so that the focal
point is within %2 nearfield distance. The lateral beam spot size and depth of field can be approximated
per the equations in Table 5-1.

5.6 Transducer Standards

Transducer standards are also worth mentioning as they offer a standard method of defining andtegdting
the performance of transducers. Several common standards for single element and array trangducers
are worth reviewing:

ASTM E1065: Standard Practice for Evaluating Characteristics of Ultrasonic Search Units

ASTM E2904: Standard Practice for Characterization and Verification of Phased A¢ray Probes
EN/ISO 22232-2:2020: Non-destructive testing—Characterization and verification of ultrasonic|test
equipment—Part 2: Probes
EN/ISO 18563-2: Non-destructive testing—Characterization and verification'of ultrasonic phased grray
equipment—Part 2: Probes

7 Conclusions and Recommendations

he authors hope that the information presented above has be¢n/informative and helpful with respect
o the selection of the array parameters for TFM/FMC. [18}—31]

ven though there are only a few seemingly basic parameters to be selected (i.e., frequency, pftch,
umber elements, elevation width, and elevation focus)] their combination results in a large varidtion
in sound field performance. Often, an iterative approach coupled with modeling is required to fruly
ptimize an inspection. Nonetheless, the following recommendations are an attempt to summarize{and
istill the previous chapter into a simpler set of recommendations.

et the frequency of the array first. Use ‘previous results with conventional inspections or stanflard
AUT inspections as an indicator of what frequency will likely work in the application.
or sectorial imaging TFM, set the jarray pitch to be equal to one half (2) wavelength. For lipear
imaging TFM, set the array pitch equal to one wavelength if the instrumentation has the ability to limit
he acceptance angle of the el¢iments (angle limiting).
alculate the near field distance of the aperture and confirm that the region of interest is within }2 of
he near field distance to ensure strong focusing.
ize the elevation for a flat/non-focused aperture to place the near field distance approximately in} the
enter of the region.of interest to take advantage of the natural focal point.
f detection and/or sizing is a challenge (for example looking for small flaws in grainy matefial),
onsider adding a focusing lens to the elevation, though carefully consider the reduction in depth of
ield.
se sound field models to estimate the results, including either elementary beam models as presepted
in this'chapter, or the more sophisticated models presented in Chapter 6.
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6 MODELING
6.1 General benefits of weld simulation

6.1.1 Effects of Material on Inspection Results

When setting up a PAUT inspection, the wave type and angles, their corresponding delay laws, and the
material shear and longitudinal velocities are entered into the ultrasonic flaw detector. When delay laws
are calculated by a flaw detector, it assumes the angle and material velocity remain constant. With many

anisotropic stainless steel compared to in isotropic carbon steel. %

Figure 6-1: Coarse grain (left) compared to isotropic material (right) WithQ,&mmersion
ya

Default result (022) : 3D view

i - T EIEEE Default result (N21) : 30 vie B s
BRO0e0ccRNR0 LGRO0E808RSRAN

r O
L
Ima{&@}%’tesy of CIVA software and Extende

O

Figure 6-2: Fields radiated by the 45 T-wave transducer in isotropic (left) and anisotropic (right)
O specimens

O
C) .
OQ"
&
o

welds, this is an erroneous assumption. Simulation of anisotropy, grain structure and the base bl to
weld interface can demonstrate significant scatter and distortion of the sound beam when ¢ rqd to
the sound beam through a uniform isotropic material. Take for instance, the scatter shown injthe cdarse

orain material compared to isotropic and the distortion of the transverse 45-degree &gﬂnd beamn in

Image Courtesy of CIVA software and Extende

Simulation greatly assists in seeing where a probe actually focuses, and not just the angle or focal points
that are desired. As shown in this image, this phased array transducer focusing on the area of the weld

prep is not as precise as people may expect it to be.
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Figure 6-3: Beam of phased array transducer focused on weld prep

Q /
Image Courtesy of CIVA software and Extende &

While beam simulation in zero degree FMC/TFM imaging is not as rel t as for standard| UT
inspection, simulation of the elementary beam from an element of the e may help estimatp its
directivity as the sound travels in the part. By simulating the unfocused'beam of an element, it is egsier
to visualize the insonified zone when one element is active in transmission. From simulation one| can
clearly see that the larger the element is, the more directive the b and the narrower the beam spifead.
By modeling the unfocused beam, you can visualize the ield, which represents the optithum
thickness range in which to use the FMC/TFM method fo ‘:\2ro degree inspection. This informdtion
can be used to optimize a probe at the design stage, or to c{@)se the right one for the job at the inspedtion
Stage.

Figure 6-@%&).13mm

@O Im;ge Courtesy of CIVA software and Extende

Figure 6-5: E=0.26mm

O
> h

b 2
Image Courtesy of CIVA software and Extende
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6.1.2 Better Understanding of Results via Simulation

When simulating an inspection, the computer knows which surfaces are the test piece geometry

and

which are flaws. This makes it possible to use tools such as “mode identification” to identify the wave
type and surfaces reflected that result in the B-scan image seen on the ultrasonic scope. In this image

the reflection from the root convexity has a stronger signal than the reflection from either the

side

drilled hole or large planar flaw. Furthermore, the modes ID tells us that over 87% of the response from

the SDH is from a longitudinal wave that directly reflects off the flaw, while 90% of the reflection

that

appear mostly outside the part is from a shear wave reflection directly off the back wall of the part. This

information also becomes useful for future inspections to determine which modes will better intg
with suspected flaws in the component.

Figure 6-6: Mode Identification (Mode ID)

152 i 1i5

Imagg.Eourtesy of CIVA software and Extende

The following image demonstrates the ability of this transducer in immersion to detect the top su
of the part as well as the twg crack-like flaws within the weld.

Figure 6-7:Example of a modeling simulation using the immersion technique

ract

face

mage Courtesy of CIVA software and Extende
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By using modeling, it is possible to determine the optimal probe for the inspection. Factors that can
easily be simulated include frequency, wave type, transducer size, and number of elements. In the

following example showing PAUT simulation, it is clear that longitudinal waves penetrate
dissimilar metal weld better than shear waves.

Figure 6-8: 45-degree L wave is shown on the left and 45 degree T wave is shown on right

Image Courtesy of CIVA software and Extende

modeling software, one can run a variation study evaluating the effécts of different variables. In
example, the flaw orientation varied from -10 to +10 degrees, swhile the refraction angle (45°)

when the flaw is at 0 degree and the corner trap effect is the sttongest.

Figure 6-9: Chart of flaw tilt vs. amplitude

AMax crtation

7
ot
R

I

& 8 M e 3

4 &

Flaws lst- Tiit

i
]

Wode [Ran i 116505

Image Courtesy of CIVA software and Extende
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Simulation can also help estimate the effects of flaw orientation on the,amplitude of detection. With

this
and

frequency of the probe remain constant. Figure 6-9 demonstratés*the maximum amplitude occuiring
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Figure 6-10: B-scan 3D model for transverse 45 degree (T45) refracted angle interacting with from left to

right: 0°, -5° and -10° flaw tilt

[ } =

Image Courtesy of CIVA software and Extende

6.2 Inspection Simulation

With inspection simulation, key inspection parameters canbe modeled on a computer to test the alj
to detect (or not detect) flaws. In some simulation tools itis)possible to vary the size, shape, orientd
and position of a flaw to see how slight variations in valiies from what is expected can affect the ab
to accurately detect and size flaws. It is also possible-to see how slight variations in the setup, sud
probe starting position and skew angle can greatly-affect detectability of a flaw.

One area where simulation can be very helpfulis to run variation studies. These can be aimed at asy]
such as those described above but can also-include variables such as variation in material prope
that might be seen, for example temperature related changes in material velocity.

Another area where simulation is useful is to better understand experimental results. With experimg
data, indications can be present,that are from a variety of sources other than flaws such as geom
echoes, noise, and scatter off-large grain. There is not always an easy way to know if you are loo
at a response from a flaw ot ifthere is some other source of the indication. With simulation it is poss
to simulate the inspection on a flaw free part and see if the indication is present.

Different simulation\.tools can provide different ways to simulate results. It can be achieved
simulating an EME” acquisition (see Figure 6-11) and then post-process to obtain different
reconstruction (Figure 6-12), and determine which options work best for detection of the flaws
need to be detected. This option has a large file size, but it provides the most flexibility in regard t
TFM configurations that can be explored. The other and more common option models TFM im
directly> This latter option can create a separate file for each configuration to be explored. These
can then be run as a batch. In some software it is possible to run a TFM configuration but store alsq
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it is then possible to explore other TFM modes in post-processing.
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Image Courtesy of CIVA

Figure 6-11: Raw results of the FMC simulation
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Figure 6-12: Comparison of 3D iso-surfaces (left column) and YZ seé}on (right column) images aft
TFM reconstruction without (first row) and with (second row) '

@elope signal ' as the computation
option.

13

G e e el

13 1

g3

Image Courtesy of CIVA software and Extende

By simulating the reconstruction of different TFM modes of propagation, one can determine in advance
which mode will best detect the flaws suspected in the material. The following example simulated the
ability of a 64-element SMHz transducer to detect a planar flaw represented in red to model a crack-
like backwall surface breaking flaw. Four modes of propagation are evaluated: L-L, T-T, LL-L and TT-

T.
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It is possible to simulate addition modes, for example when mode conversion is present. In this case,
using a TT-T reconstruction clearly shows the flaw, and shows the approximate shape and length of the
flaw, whereas an L-L reconstruction only shows the corner trap and tip diffraction, as shown in Figure
6-15. The T-T reconstruction in Figure 6-16 only shows the corner trap, while the LL-L reconstruction
in Figure 6-17 does not show the shape of the flaw as clearly as in TT-T mode.

Figure 6-13: 3D view of inspection setup with backwall breaking planar flaw

-

™~

8>

Image Courtesy of CIVA software and Extende

Figure 6-14: TT-T reconstruction Figure 6-15: L-L reconstruction

Image Courtesy of CIVA software and Extende Image Courtesy of CIVA software and Extende
Figure 6-16: T-T reconstruction Figure 6-17: LL-L reconstruction
C)‘\\C\)b

ke

Image Courtesy of CIVA software and Extende Image Courtesy of CIVA software and Extende

One of the types of weld defects that is important to detect is a lack of fusion along the weld prep.
When access-to the weld only permits inspection from one side, it can be difficult to detect pith
conventional UT, even when performing a sectorial scan with a PAUT transducer. Using TFM| can
proyide for much better detection and sizing provided the correct wave type is used. The setup for $uch
an-anspection is shown in Figure 6-18, where a 64 element, SMHz transducer on a 55-degree transvlerse

u | . 1+ do4 441 1 1 £.L0 .
wave wWillUghU 15 USLUTU ULILUT UV TAULR UL TUSTUIL.
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Figure 6-18: Inspection for Lack of Fusion 1
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When comparing the response using T-T and TT-TT, the TT-TT provides a stronger response
clearer picture of the size and orientation of the flaw, as shown in Figure 6-19 and Figure 6-20.

Figure 6-19: T-T wave type

e @

Image Courtesy of CIVA software and Extende

Figure ©320: TT-TT wave type

Image Courtesy of CIVA software and Extende
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and placement of the flaw, as well as the probe incident angle in the part greatly influence which wave
mode will best detect the flaw. When running TFM simulations, the user must ensure that the expected
range and location of the flaw are simulated so that the wave type that best detects and sizes the flaw
over the range of situations that are likely to be seen is evaluated, and the most robust inspection option
chosen, instead of the one that might work best for one scenario, but be so sensitive as to miss the flaw
when slight variations in location and orientation are present. If there is more than one transducer being
considered for the inspection, running a study of how each probe operates over the range of expected

conditions can be advantageous in choosing the best one for the job.
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6.3 Using Modeling for TFM Inspection

Although TFM applies delays in the transmission and reception processes to electronically focus at
every pixel within the region of interest, the probability of detection of a potential defect and the
imaging quality of the TFM inspection is still heavily dependent on the setup parameters of the scan
plan. During the scan plan design process, the inspector needs to select the appropriate ultrasound
probe, wedge, active aperture, and the proper TFM mode of propagation for the given inspection.
Modeling is the most effective way at providing guidance for the selection of all the parameters stated

above.

6.3.1 Probe Selection

The first step of the scan plan design is to choose the appropriate ultrasound probe. Different pr
may have different number of elements, width of elements, pitch spacing between elements, eler
clevation dimension, and resonance central frequency. In general, increasing the apérture size (nur
of elements multiplied by the pitch spacing) would improve the lateral resolution of the TFM im
From optics, it is well known that for a circular aperture, the minimum difffaction-limited separ
distance between two objects is described by the equation:

L
Xeep = 1.22 (}’—D) (29)
[n Equation 29, c is the speed of light in the medium, L is the distance of the objects from the apert

optics, the physics still applies for ultrasonic testing. From ‘Equation 29 we see that increasing
aperture size decreases the minimum separable distancedbetween two features and therefore impr
lateral resolution.

However, having too large of an aperture can be a disadvantage when it comes to inspecting def
close to the top surface. Close to the face of an ulttasound probe, the amplitude and phase of the arri
wavefronts from different elements can be extremely incoherent. Simple electronic focusing wit
amplitude and phase compensation would Ieéad to poor focus and/or low resultant acoustic inten|
For a same given defect depth, this effect-would show more pronounced for larger apertures.

A related consideration to the ap@rfure size is the size of the individual elements. The far-
directivity pattern of an element with a pitch p is given by the following formula:

pw - sin (6) . (pm-sin (6)
—) = sinc (—

directicity(8, w) = smc( r p ) (30)

[n Equation 30, the.sinc(x) is defined as sin(x)/x and A refers to the wavelength in the propagd
medium. Figure 6-21 shows the directivity pattern for a transducer with a 3 mm pitch travellin
Rexolite at thé.center frequency of 5 MHz.
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Figure 6-21: Far field directivity pattern of a 3mm pitch element in Rexolite at S MHz

Directivity Response, L = 3mm, f = 5 MHz, Rexolite
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Image Courtesy of Evident Scientific, Inc.

From Equation 30, we see that increasing the pitch of an element incfeases the term inside the “sin
function. This has the effect of making the element more directional (weaker relative response
clectronically steered at large angles).

Another important consideration for probe selection is the)¢lement center frequency. From Equd
D9, a higher center frequency would lead to improved lateral resolution. From Equation 30, it can
be noted that increasing the center frequency makes'the¢ element more directional and is therefore
suitable for large electronic steering angles.

A third effect of increasing the center frequeney is improved resolution along a beam propagd
direction. The propagation direction resolution in TFM is limited by the duration of the ultrasound p
produced by one element. High frequengy transducers are typically designed to be highly damped
therefore have short durations. Howewer, because acoustic attenuation increases with wave freque
high frequency probes are not suitable for use in highly attenuative media and/or inspection of
thick samples. These parametets can be imaged using modeling tools, so the inspector can view
effect of the probe characteristic on the simulated beam for a given inspection.

6.3.2 Mode of Propagation Selection

A unique TFM iméaging parameter that is not found in conventional PAUT imaging is the selectid
modes of propagation. Modes of propagation, also known as Imaging Paths or Wave Sets, deterr]
the speed of'sound used to calculate the acoustic time of flight at each segment during transmission
receptionIhe transverse (shear) speed of sound in a material is always slower than its longitud
wave speed of sound and therefore leads to a longer time of flight. Different speeds of sound also a
the refracted angles at each interface through Snell’s law:
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In Equation 31, the c; and c; are the speeds of sound before and after the interface. 6, and 0, are
respectively the incidence and refracted angles. From Equation 30, we see that a higher speed of sound

in the second medium would lead to a larger refracted angle.

By changing the speed of sound used in the time-of-flight calculation, we effectively select the mode
of propagation in each ray-traced segment used for the resultant TFM image. The convention of
specifying modes of propagation is usually in the format “XX-YY”. Where XX indicates the wave

modes in transmission and Y'Y indicates the wave modes in reception.
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As an example, the mode “TL-T” indicates there are two ray-traced segments in transmission and one

segment in reception. The first “T” indicates the transverse (shear) speed of sound is used in the

first

segment of transmission; the second L indicates the longitudinal (compression) is used for the second
segment of transmission (after a skip). Lastly, the only “T” in reception indicates the direct path is used

in reception and the transverse speed of sound is used.

When the transmission modes are equal to the reception modes, the entire mode of propagation is called
a direct or pulse-echo TFM inspection. Direct modes TFM inspections can be considered as analogous
to conventional PAUT with the difference where every point in the region of interest is electronically

The selection of the right mode depends on the expected location and orientation @f7the pote

h root crack.

Figure 6-22: TFM inspection of a root crack in T-T mode

TFM Modes - Root Crack KN '\
AR S
Using TT Mode: ) \“ 8

s

Image Courtesy of Evident Scientific, Inc.

Figure 6-23: TFM inspection of a root crack in TT-T mode

TFM Modés — Root Crack \‘ "\

LSihg TTT Mode 3 ‘\ "_,O

focused. When the number o SKips 1N transmission is different from the Number o1 SKips in recepyion,
it is then called an indirect or self-tandem TFM inspection. Indirect or self-tandem inspectiony are
unique to TFM and in some cases can lead to better representation of the true geometry of the’defgcts.

htial

defects. The following TFM images are obtained from the T-T and the TT-T mode ef-propagation for

Image Courtesy of Evident Scientific, Inc.
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From Figure 6-22 we see that the T-T inspection only shows a faint tip-diffracted echo and a stronger
corner-trapped echo at the base of the root crack. In comparison, using the TT-T mode, one can see the
true vertical geometry of the crack. The TT-T indirect mode is especially suited for imaging near
vertical features near the bottom of a plate or the inner diameter of a pipe. This is because vertical
features serve as a specular reflector, connecting the second segment of the transmission ray with the
reception ray. However, it is important to keep in mind that a tightly curved geometry could alter the
returning path considerably due to beam divergence at the skip. Modeling for different type and
orlentatlon of ﬂaw will provide better guidance to determme which mode should be utilized during

T £ dals £ N 151 1ol L 2| t
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6.3.3 Modeling as TFM Scan Plan Assistance Tool

As examined in the previous section, scan plan parameters such as probe, active aperture, wedge,|and
mode selection can have significant influence on the quality of the resultant FFM image and on
detection. As these scan plan parameters interact with each other, it is therefore Very difficult to c{eate
an optimal scan plan without the use of a modeling tool. For this reason, some modeling tools have
been created to help calculate the theoretical acoustic intensity for a selected TFM scan plan.

A semi analytical acoustic model that considers the effects of probe frequency, element directiyity,
aperture size, transmission/reception coefficients, geometric beam spread, material attenuation and the
selection of a mode of propagation helps inspectors decide ahead of time which mode will be the fight
one for their inspection. In addition, these tools can calculate(th& acoustic intensity for directional|and
non-directional scatterers. A non-directional scatterer ishoften referred as volumetric, where| the
scattering coefficient is equal for all combinations of“ray incidence and observation angles |(ex:
porosity), whereas directional scatterers are often referred as a linear indication (crack, lack of fugion,
etc.). Different scatterers will require the use of different modes of propagation to be detected
successfully. Modeling is crucial in determiningthe proper mode for the given scatterer. In additiqn to
the type of scatterer, the user also needs to provide the expected orientation of potential indications to
be able to make an educated selection.

For directional and non-directional scatterers, the modeling tool assumes there is a scatterer at epery
point within the region of interest. Consequently, the scan plan image demonstrates the spatial varigtion
of acoustic intensity for the selected scatterer type. The inspector can use this information to optifnize
the position of the probe/wedge assembly. Some tools will offer modeling images that are pelf-
normalized, therefore the aXimum acoustic intensity before normalization is displayed as a sensit{vity
index. Using the sensitivity index, one can also compare the relative acoustic sensitivity across diffgrent
modes of propagation,

6.3.4 Example of Modeling as TFM Scan Plan Assistance Tool on ERW pipe

A typical ise’of modeling is presented in the following section. A pipe with an electrical resistince
weld (BERW) of 6.35mm (0.25 in.) carbon steel pipe sample presents a stacked lack of fusion flaw,
Figure-6-24. The flaws are about 2mm deep, vertically oriented along the weld bevel of the 323mm

12.75 in.) diameter pipe. A 5L.32 probe combined with a corresponding 55-degree shear wave w¢dge
fsmounted on a fongitudinal weld Scanfier. 1 he weld cap, accessibie {Tom the outer diameter suriace,
is leveled. In this applicative example, it is sought to obtain a TFM representation of the flaws that are
closest to its anatomically correct layout.
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Figure 6-24: a) Longitudinal scanner mounted on the ERW pipe sample, along with TFM flaw detector
device showing the stacked vertical lack of fusions located inside the weld line. The flaws span about

25.4mm long over the pipe axis. b) Scan plan representing the weld and curvature of sample

Image Courtesy of Evident Scientific, Ine!

First, the mode of propagation selection strategy is based enthe a priori knowledge of the target
type acoustic response. Four modes of propagation were highlighted by the modeling tool and selg
to be used simultaneously for this inspection. The difeet T-T and TT-TT modes here are showing
interest because they are expected to produce weak diffractive echoes from the vertical flaws.
following example will address the TT-T (3T,.shear wave self-tandem), and TT-TTT (5T, shear v
half skip going, single skip returning) modes, of propagation that were selected as good candidates
to their likelihood to echo back to the probe through specular reflection at the face of vertical f
However, without modeling, it is still-unclear how these modes of propagation would have provide
effective representation of the flaws under study.

[n this configuration, the modeling was configured to produce the 32 elements aperture and expe
[TFM acoustic response front a planar flaw over the region of interest. Because the weld cap is lev¢
the weld volume is accessible from the top of the part.

The modeling heatmaps-are shown in Figure 6-25 for the TT-T and TT-TTT modes of propagation|
inspection of the niaps reveals that the TT-TTT mode of propagation covers a larger area with st
amplitude in comparison with the TT-T mode of propagation. The TT-T is most sensitive directly u
the wedge, and{along an area near the internal diameter surface.
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Figure 6-25: The modeling for planar defect “heatmaps” computed for (a) the TT-T and (b) TT-TTT
mode of propagations

@ 8 a To zoom use the 28w key = chow . Y .‘
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(b)

Image Courtesy of Evident Scientific, Inc.

The sensitivity index provided in some modeling tools also highlights the maximum sensitivity vialue
of a given 'mode of propagation. The sensitivity index for the TT-T and TT-TTT modes had similar
values; so it is understood that the two modes of propagation may respond with a similar maxirhum
amplitude. However, the corresponding high sensitivity regions do not necessarily overlap, as
rtustrated by the modehing heatmmaps—The sernsitivity Tmdex Tsespectatty usefulat demtifymg <arly
weak sensitivity from strong sensitivity modes of propagation.

The TFM images corresponding to TT-T and TT-TTT modes of propagation are presented in Figure
6-26. While the TT-T mode a) is effective at imaging the lower lack of fusion flaw, both segments of
the flaw are well represented using b) the TT-TTT mode. This observation agrees with the prediction
provided by the modeling heatmaps of Figure 6-25.
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Figure 6-26: TFM image on the stacked lack of fusion flaws for (a) the TT-T and (b) TT-TTT. The gain is

adjusted to equalize the maximum amplitude.

(b)

Image Courtesy of Evident Scientific, Inc.

The acousti€ modeling tools are therefore useful to determine, at the scan plan stage, which mod
propagation*is appropriate to inspect in each region of interest, and at the analysis stage, to intef
correctlyvthe TFM image produced by the different mode of propagations. In the example above
modeling heatmap predicted that the TT-TTT mode of propagation had a larger high-sensitivity re

e of
[pret
the
bion

than the TT-T mode with respect to the vertical lack of fusions. The corresponding TFM images con

firm

the prediction: the TT-TTT mode of propagation perceives the flaw over its complete extent while the
TT-T mode of propagation renders correctly only the lower lack of fusion, leaving the low amplitude

echoes coming from the upper lack of fusion as structures to interpret with care. In this matter, the
TTT mode of propagation image best captures the actual layout of the flaw under investigation.
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7 ADVANTAGES AND LIMITATIONS OF FMC/TFM VERSUS PAUT
7.1  Advantages

7.1.1 Accurate Visualization

When using Phased Array (PAUT), the most used method (technique) of inspection is the Pulse-Echo
(PE), where the same group of elements (active aperture) pulses and then receives the ultrasound. This
makes for a simpler implementation and a more flexible use of the technology, but where the method

excels at representing indications perpendicular to the ultrasound propagation path, it can be diff]
to interpret off axis indications such as vertical reflectors. The traditional signature for a vertical c

may be confused for two separate indications to an untrained eye.
The so called Self-tandem mode is a Pitch-Catch PAUT technique and uses one ap€rture to pulse

One of this method’s key advantages is the detection and representation ofvertical indications.
implementation of this technique remains more complex, however, as upfrentcalculations are reqy
to determine the optimal probe position and which combination of elements to use for the detectiq
targeted indications.

The Total Focusing Method (TFM) offers the choice between Pulse-Echo and Pitch-Catch modes
uses the same principles as traditional PAUT when rebuilding the)Sound path from the raw Full M
Capture (FMC). Just like when applied in Phased Array,.the Self-tandem technique requires 1
precision when defining the inspection scan plan because.of*all the trigonometry involved; param;g
like material velocity and thickness are essential to achieve accuracy. TFM improves on PAUT

beam paths, making the implementation of Pitchs€atch more accessible and bringing the benefi
the accurate, true-to-life, representation to a broader pool of operators.

Figure 7-1 and Figure 7-2 show examples_of ID connected cracks and OD connected cracks b

has been used. Note that the flaws appear almost identically between PAUT and TFM.

cult
rack

with PAUT would be a strong corner trap signal and a shallower tip diffraction signal; these two signals

and

h different one to receive. Self-tandem is less common and often dedicated to specialized applications.

The
ired
n of

and
htrix
hore
Pters
by

being able to reconstruct the indication from a tightly. spaced grid of points instead of pre-determjned

s of

eing

detected by PAUT S-scan and TFM using-the Pulse-Echo method. In the case of TFM, the TT-TT njode

Figure 7-1: ID connected crack detection comparison between PAUT and TT-TT TFM

PAUT ID crack TEM TT-TT ID crack

Image Courtesy of Evident Scientific, Inc.
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Figure 7-2: OD connected crack detection comparison between PAUT and TT-TT TFM

PAUT OD crack TFM TT-TT OD crack

Image Courtesy of Evident Scientific, Inc.

The advantage of using Pitch-Catch, or the Self-Tandem mode, is in the representation of the flaw.[The
flaw will appear on the screen similarly to what a micrograph of the defect would provide. Figurq 7-3
and Figure 7-4 show examples of the same ID connected cracks and OB “connected cracks bging
detected by PAUT and TFM, but this time using the Pitch-Catch methad.In the case of TFM, the|TT-
T and TT-TTT modes have been used. Note that the TFM now renders.the ID and OD flaws as vertical
and uninterrupted, as they are in the physical part.

Figure 7-3: ID connected crack detection comparison'between PAUT and TT-T TFM

PAUT ID craek TFEM TT-T ID crack

Image Courtesy of Evident Scientific, Inc.

Figure 7-4: OD\connected crack detection comparison between PAUT and TT-TTT TFM

PAUT OD crack TEM TT-TTT OD crack

Image Courtesy of Evident Scientific, Inc.
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7.1.2 Improved Resolution

The common advantage that brought FMC/TFM to the industry is the appeal of having the final image
being focused at every pixel of the selected zone. The Delay and Sum (DAS) process is applied to all

the A-scans, using the expected delays for a selected mode of propagation (i.e., T-T, TT-T, TT

-TT,

etc.) to a specific position in the defined TFM zone. In this way, every pixel of that zone is said to be

optimally “focused”.

Of course, proper imaging and detection is still dependent on other factors like probe configuration,

ion.

frequency, material attenuation, known thickness and geometry parameters, and proper mode selec

is true for both PAUT and TFM.

Theoretically, TFM can produce more appealing images, which is the driving force behind
technology. Another effect of being focused at all points is the reduction of geometrical\echoes.

Figure 7-5 illustrates a Phased Array Linear scan and the response of 1mm side~drilled holes (S

worsens, and the indications are less defined.
Figure 7-5: PAUT detection of SDH at differént depths

Gain VPA Acq. Rate S 42°C /8% A. ; E. ; MXU 5.7.0
14.148 22 120" P ynnamed* v GR-1
[5.4 kHzl
588.4s

21.00 mm

79.8%

37.25mm
ML
58.6%
0.00 mm

m-r)

0.00 mm

Next>

Image Courtesy of Evident Scientific, Inc.

Outside the near-field region, focalization parameters have little to no effect on the measurement,| this

this

DH)

over a depth range of 55mm drilled in a calibration block. A 5Mhz, 1mm pitch prébe in direct acous}ical
contact with the block and focused to 37mm depth was used. At and arounid the focusing depth the
resolution of the SDH is great, but as the detection gets further away from the:focus depth, the resoltion
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Figure 7-6 illustrates using the same probe with TFM and an L-L mode. The holes shape remains

constant over the depth range.
Figure 7-6: TFM L-L mode detection of SDH at different depths

Acq. Rate a3ec 76% \am ) B ) MXU 5.7.0

15.2¢8 - m 19" | B3 Unnamed* v

[1.1 kHz]

-30.47 mm
78.6 %
D(m)

63.22 mm

Image Courtesy of Evident Scientific, Inc.

7.1.3 Sound Propagation (dead zone)

With Conventional UT and PAUT inspections, if a large enough reflector is detected, the zone be
it remains unseen, similar to an object.creating a shadow when pointed with a light source.

With TFM however, because the entire array of elements is used to receive and analyze data, we
see details we might have misséd with PAUT. The way that the sound will propagate in an FMC/1]
inspection can be another beénefit to the method. Because of its acquisition pattern, the sphe
emission of a single transducer will flood the material with sound similar to a Time-of-F
Diffraction (TOFD) technique. This spherical wave propagation can allow for detection of defects

wave would be fotried.
To illustratethis effect, Figure 7-7 is comparing a 0° PAUT inspection to a TFM L-L inspection. ]

but subsequent SDH are either missed or detected only from the adverse echoes. On the right side, ]
detects the three stacked SDH with a good resolution.

hind

can
'FM
Fical
ight
that

would typically beblecked by other reflectors in a common PAUT technique where an individual front

Note

on the Phased’Array inspection that the first SDH is detected and normalized to the reference amplifude,

[TM
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Figure 7-7: Detection of vertically stacked SDH comparison between PAUT and TFM L-L mode of
propagation

PAUT only showing the first SDH TFM showing all 3 SDH

Image Courtesy of Evident Scientific, Inc.

Another advantage of the ultrasound propagation with TFM is the detection of vertical or inclined
between in-service induced by hydrogen damage so-called blisters. These links are difficult to co
with PAUT because there are no solid surfaces perpendicular to the propagation of the ultrasour
reflect a strong signal. The multi-directional nature of TFM allows_te confirm the link or no
between blisters, which can be the difference between benign damage and asset failure. Figure
illustrates step wise cracking and inclusions detected with TFM.

Figure 7-8: Detection of link between blisters with TFM

Gain Index Acq. Rate i T 79% A. ) E- 51°C 12:21PM  MXUS5.10.0RC
Section P E——\
33.0d8  36.00mm 135 | B3 Unnamed* v GRA v
[834.4 Hz]

o

.ﬁ A CJ&%

Q-C:acb

Image Courtesy of Evident Scientific, Inc.
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7.1.4 Near Surface Resolution

Because of its firing sequence method (only one element firing at the time) the initial pulse, called the
Main Bang, is considerably reduced as compared to PAUT. This interface noise reduction can provide
a greater near surface resolution. This helps to isolate indications that are closer to the surface or show
indications that may have otherwise been missed. Figure 7-9 shows a comparison of the series of SDH
in an arc as detected by PAUT and TFM using a SMHz Imm pitch probe. On the left, the PAUT Linear
scan resolves the Smm deep SDH. Anything shallower is hidden by the Main Bang. On the middle
screenshot, the same Smm deep screenshot is resolved with the TFM L-L path (mode of propagation).
Also, the next two SDH are shown compared to the PAUT scan where they are hidden by the first jone.
On the right, shallower SDHs at 2.5mm deep were detected when gain was increased. Note that bechuse
the detection happens in the ultrasonic constructive/destructive interference zone, the sighal=to-noise
ratio (SNR) is worse compared to deeper SDH.

Figure 7-9: Detection of shallow SDH comparison between PAUT and TFM L-L modé¢)of propagatipn

Y e e ey - ®

rtesy of Evident Scientific, Inc.
7.2 Limitations

7.2.1 Selection of the Correct Mode of Propagation for the Type of Flaws

When using TFM during the inspection, the\inspector must be mindful of the part geometry|and
thickness, the type of indications that aré)expected and their location and prepare the scan plan
accordingly. Flaw detection and characterization capabilities are dependent on the selected mode of
propagation. The physics remain the\same, so when selecting a mode of propagation, the acquisjtion
instrument will reconstruct the TFM~data based on the selected ultrasound path or mode (Pulse-Egho,
Self-Tandem, first leg, second.leg, etc.).

Figure 7-10 illustrates the-tmportance of planning and modeling: in this example, the same lack of
fusion is observed with-two different TFM modes of propagation. On the left, the Pulse-Echo TT-TT
mode produces a strong reflection, and the lack of fusion is easily detected and characterized. Howgver,
on the right side, the)indication is missed because the mode of propagation used is a Self-Tandem|TT-
T. The orientation would require for a Full-Skip Pulse-Echo inspection (TT-TT mode) and has been
modeled before testing, the Self-Tandem inspection is not suited for this flaw location and orientdtion
to obtain adequate perpendicularity of the sound with the flaw.

Figure 7-10: Lack of fusion detection comparison between TFM TT-TT and TT-T modes

JEM Modes - SWLOF + & O TFM Modes - SWLOF A l“
\ LRI \ ' Y
Y ) 3 o
Using TTTT Mode: (Y. Y} Using TTT Mode: \'.‘l
ve

Image Courtesy of Evident Scientific, Inc.
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7.2.2 Part Geometry and Material Definition

Self-Tandem mode results are very sensitive to a part’s thickness and geometry. An error in the time-
of-flight calculation may lead to poor detection capabilities or no detection at all. Thickness or geometry
(flat or curved surface) changes will affect the accuracy of the readings when skipping the ultrasound.
An accuracy error in the thickness input results in inaccurate readings and a wrong indication severity
assessment. The computation of the time of flight (TOF) relies heavily on the first and/or second skips.
If the TOF is shorter than expected (material being thinner than the entered parameter), the indication

can be entirely missed.

unequal thickness, materials that are joined at an angle, nozzles, etc. These types of welds willintro
ultrasound skips and unpredictable mode conversion signals that must be considered during,modg
and scan plan to produce the correct results. This is also true for Pulse-Echo modes.

[[lustrated in Figure 7-11 is the detection variation of a notch between a TT-T med¢)with the co
material velocity and the same TT-T mode but a material velocity error of 2.5%480m/s): the resulf
loss in signal of 17.9 dB for this vertical notch.

Figure 7-11: Vertical notch detection comparison with a TT-T mode of propagation: accurate velocit
2.5% velocity input error

Care should be taken when examining welds of complex geometry like welds joining materiais of

uce
ling

rect
isa

y VS.

i

Accurate Velocity 80m/s Velocity difference
Injage Courtesy of Evident Scientific, Inc.

7.2.3 Attenuation and Penetration in Thick or Difficult to Penetrate Materials

The classical FMC data-collection uses one element of the PAUT probe at the time to send ultrasq
in the material. Thig"has multiple advantages as stated previously, but a limitation is that this

collection strategy. does not produce ultrasound as strong as a PAUT wavefront that happens W
combining the-Signal of multiple probe elements. The PAUT Wavefront, while being oriented
single directiof, provides better signal-to-noise ratio if enough elements are combined (large ad
aperture) for the inspection of thicker or harder to penetrate materials. Figure 7-12 shows the differ
in SNR dtthe detection of a flat bottom hole (FBH) between a 32 element linear PAUT scan and
[-I-mode. The sample used was a special hard to penetrate alloy, and the PAUT probe was SMHz

und
data
'hen
in a
tive
Pnce
'FM
with
.

A U'mm pitch. On the left, we can see that the PAUT SNR is superior to the TFM mode on the righ
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Figure 7-12: SNR difference at the detection of a flat bottom hole (FBH) between a 32 element Linear
PAUT scan and TFM L-L mode

Image Courtesy of Evident Scientific, Inc.

7.2.4 Productivity

Depending on the number of elements and the number of laws to be generated, PAUT tends to be rthore
productive because there are fewer transmission cycles for an equivalént inspection. Similar tq the
maximum scan speed, PAUT tends to also generate less data, hence smaller file size.
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8 SIZING TECHNIQUES

8.1  Length and Height Sizing

After an indication has been detected and the discontinuity type characterized, the next step in analysis
is typically to perform a determination of sizing. The length and through-wall height of the indication

will often dictate whether it is considered acceptable or rejectable. The rules for length and height si

zing

with FMC/TFM are consistent with those used in PAUT and conventional UT. Various dB drop

methods (6-dB, 3-dB, etc.) for length sizing are still applicable with TFM. A 6-dB drop for sizin

y the

through-wall height of embedded indications is also similar to what is used in PAUT, but dueitd
improved focusing that is possible with the technique, there is a potential for more accurate ves
Crack tip-diffraction height sizing techniques work especially well with FMC and TFM, the crack]
can often be imaged with great resolution. Also, tip diffraction height sizing on embedded defects
as sidewall Lack of Fusion (LOF) works especially well due to the omnidirectional nature of
clementary A-scans, and the ability of the TFM process to reconstruct data in the<area of interest.

The welding processes can have a great influence on the possible sizes of défects, and the exani
should always be familiar with these. For manual welding techniques such“as Shielded Metal
Welding (SMAW) and Gas Tungsten Arc Welding (GTAW), the aveérage weld deposit laygd
approximately 0.120 in.— 0.160 in. (3.0 mm — 4.0 mm). For automated welding techniques suc
Submerged Arc Welding (SAW), the weld layers will be about double that 0.240 in.— 0.320 in.
mm —8.0 mm). That being said, the through-wall heights of indiCations such as sidewall LOF typid
should not exceed one weld layer. On the other hand, clusters\of porosity have the potential to be t
in through-wall size. Often, porosity will span multiple weldlayers as the gases try to escape. Flay
automated welding processes have the potential to be, much larger than flaws in manual procg
because their passes tend to be larger.

With FMC/TFM data, just as with PAUT, sizing i§‘performed with a series of cursors that are attag
to the different views and axes along the data (§¢¢ Figure 8-1). These positional cursors are also tig
measurement readings. Useful measurementyreadings show the positions of the cursors, as well a
delta between cursors, which are used {for lengths and heights. Length sizing is performed along
scan axis, usually found on the Top view (C-scan) and Side view (B-scan). Height sizing is perfor
on the Ultrasonic or Depth Axis, found on the Side and End views. Different equipment manufacty
have varying terminology for‘these tools, but the functionality is largely the same regardles|
instrument.

Figure 8-1: Measurement Tools—Cursors
Measurement Tools - Cursors
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U — Ultrasonic (Depth) Axis- A-scan, End View, Side View (B-scan)
o Flaw depth and height

I — Index Axis- End View, Top View (C-scan)
o Position of indication relative to weld centerline

8 — Scan Axis- Top View (C-scan) and Side View (B-scan)
o Flaw start/ end and length

Courtesy of Kenneth Shane Walton-University of Ultrasonics
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Sizing in length and height is never a one-size-fits-all task. Varying material types, thicknesses,
geometries, transducer frequencies, etc. present specific challenges that must be addressed. Optimum

sizing techniques should be developed and qualified using components with implanted flaws of kn
dimensions and orientations, representative of what may be encountered during the examination.
the sake of the current discussion, examples will be given on some of the more common approach

8.1.1 Length Sizing

own
For
es.

8.1.1.1 6dB Drop Length Sizing

The concept of 6dB drop sizing works under the premise that when a UT beam is half-on and’hal
of the edge of a discontinuity, the signal amplitude should drop 50% from the max amplitude that

decibel (dB) is nothing more than a comparison between two amplitudes or magnitudes. To pla
beam '2 on and ' off an indication, it is implied that the discontinuity must be atdeast the same siz
the beam diameter, or larger.

Figure 8-2: Principles of 6dB Drop length sizing of discontinuities larger’than the beam diameter
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g Position B- If Position A- I Position C- 8
= Probe Moved -12.5mm (0.492") 1 Rrobe Centered on Flaw il Probe Moved +12.5mm (0.492") =
(Half On/ Half Off Flaw) 1, Maximum Amplitude Obtained i (Half On/ Half Off Flaw)
50% Amplitude (-6dB) drop 4 ’f' *True Flaw Length- 25mm (.984") Il 50% Amplitude (-6dB) drop
AN I Flaw Length Accurately Sized
! | at 25mm

Courtesy of Kenneth Shane Walton-University of Ultrasonics

A 6dB drop length sizing works best for smooth, continuous indications, larger than the beam diam|
such as the sidewall LOF shown in Figure 8-3. The LOF indication starts at 2.548 in. (64.8 mm)
datum, marked with/the red S(r) reference cursor. The end of the indication is at 3.173 in. (80.6
marked with the green S(m) measurement cursor, and the length was measured to be 0.625 in., sh
by the S(m‘r)reading. The maximum amplitude was near the middle of the indication, at 92% H
Cursors/mark the left and right extents of the flaw where the amplitude dropped approximately 50
0dB. The'top and side views were useful in determining the length of the flaw.

—off
was

shown on top of the flaw—Figure 8-2. A 50% reduction in amplitude is said to be.a 10ss of 6dB. A
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pwn
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Figure 8-3: Example of LOF 6dB Drop length sizing

of the beam spread, and not the flaw itself, as depicted in Figure 8-4.

i f Total Beam Divergence: Blue
O -6dB Divergence: Green
f True Flaw length: Tmm (.039")

K Probe Centered on Flaw,
Max Amplitude Obtained

Total Beam Divergence: Blue
-6dB Divergence: Green

| True Flaw length: Tmm (.039")
i) Probe Moved -1.5mm (.06")
50% Amplitude (-6dB) drop

For discontinuities smaller than the beam diameter, 6dB drop techniques Wwill only size the 6dB li

Figure 8-4: Principles of 6dB Drop length sizing of discontinuities smaller than the beam diamete}

mits

Total Beam Divergence: Blue
-6dB Divergence: Green

True Flaw length: 1Tmm (.038")
Probe Moved +1.5mm (.06")
50% Amplitude (-6dB) drop
Flaw Length oversized at
3mm (0.127)

Courtesy of Kenneth Shane Walton-University of Ultrasonics
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8.1.1.2 6dB Drop Length Sizing Errors

Typically, with FMC/TFM and PAUT, length sizing is performed using the lateral portion of the
transducer, also known as the passive/mechanical/secondary axis. For a standard 1D linear array, lateral
focusing is not possible, and the examiner is at the mercy of the passive aperture beam spread. This
typically results in oversizing the length of the flaw. Curved internally focused arrays or passive-

aperture focused wedges can help minimize this over-sizing error.

The 6dB drop method also assumes that the flaw indication has one solid reflecting surface, with the

ighest peak located near the center, as seen in Figure 8-3 above. This is often seen with the texthook

indications found in training samples, but in real welds, flaws are often fractal and irregular. If-t
cases, it is sometimes more accurate to do a 6dB drop from one end of the indication, mark~itw
cursor, and repeat on the other end of the indication to get the full length of the flaw. This approa

this application. This approach is sometimes referred to as a maximum amplitudeJef last ampli
variation of a 6dB drop. The red S(r) reference cursor marks the indication start af 14.46 in. (367
the green S(m) measurement cursor marks the indication end at 15.24 in. (387 mm), and S(m-r)
delta between the two cursors, representing the flaw length at 0.780 in. (19.8\mm).

demonstrated for the slag indication example in Figure 8-5. The Top and Side views arebeth usef:Ejor

hese
tha
h is

de
m),
the

Figure 8-5: Example of slag indication length using maximum amplitude sizing technique
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Courtesy of Kenneth Shane Walton-University of Ultrasonics

A variation of the Maximum Amplitude length sizing technique is shown in Figure 8-6. In this exan
an 1D .HAZ crack is considered. The peak of the last tip at either end of the crack was used as
measuring point, as opposed to a dB drop.
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Figure 8-6: Example of ID HAZ crack indication length using maximum amplitude sizing technique
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Courtesy of Kenneth Shane Walton-University of Ultrasonics

8.1.2 dB Drop Through-Wall Height Sizing of Embedded Flaws

he proper technique has been qualified on~flaws with known dimensions. Small flaws have

endency to be oversized due to beam divergence, so focusing at the flaw depth will often help miti

his effect. Conventional PAUT could only be focused at one plane at a time, and often the techni
s required to refocus at a flaw, with*as many elements as possible to get optimum sizing with
smallest beam. FMC/TFM gives the benefit of being optimally focused at multiple pl
simultaneously, as long as itiSiwithin the capabilities of the array/wedge combination. So, with pr
probe, wedge, and mode of propagation selection, sizing accuracy can be improved. An example 0
Drop Through-Wall Height Sizing of embedded sidewall LOF is shown in Figure 8-7. The green [
measurement cursor is placed at the top of the flaw, the red D(r) reference cursor is placed at the bo
of the flaw, and théreading D(m-r) shows the through wall height of 0.137 in. (3.5 mm) for the side
LOF.
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Figure 8-7: Example of dB Drop Through-Wall Height Sizing technique

Scan
28380

Courtesy of Kenneth Shane Walton-University of Ultrasonics
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8.1.3 Tip Diffraction for Embedded Indications

Another method for sizing embedded flaws, such as sidewall LOF, is by using tip diffracted signals
from the extremities. True diffraction occurs when waves pass a boundary and wrap around the edges
of'it, resulting in the signals we are familiar with in methods like TOFD. The tip diffraction that we see
with pulse-echo UT usually results as a combination of true diffraction, reflection, and mode
conversion. To generate tip-diffracted signals, we must impinge on the flaw at oblique, non-
perpendicular angles. Diffraction typically generates signals with much lower amplitudes than the ones
seen with the specular reflection that comes from perpendicular angles. An example of a sidewall LOF,
with tip signals on the top and bottom is shown in Figure 8-8. The tip signals act as beacons, showing
exactly where to take the measurements from, as opposed to relying on a dB drop. The through-fvall
height was measured to be approximately 0.051 in. (1.3 mm).

Figure 8-8: Through-Wall Height Sizing of LOF using Tip Diffraction technique

Sean
12.081in

Custom ~

Courtesy©f Kenneth Shane Walton-University of Ultrasonics

8.1.4 Sizing Cluster Indications Such as Porosity

On cluster porosity indications, the 6-dB drop is not always reliable, as amplitudes are typically yery
low and fluctuate rapidly along the indication. In Figure 8-9, the first and last discernible individual
pores were used to'find the flaw start, end, and length. For height, the upper and lower pores were fised
to find the top,bottom, and through-wall extent of the flaw. S(m-r) shows the flaw length at 0.990) in.
25.1 mm), and D(m-r) shows the through-wall height of 0.122 in. (3.0 mm).
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Figure 8-9: Through-Wall Height Sizing of Porosity cluster using Tip Diffraction technique
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Courtesy of Kenneth Shane Walton-University of Ultragonics

8.1.5 Tip Diffraction for Through-Wall Sizing of ID/OD-¢cennected Cracks

Early UT crack sizing methods employed a dB drop approach, which was not always reliable, af
crack tips provide much lower amplitude responses compared to the corner trap at the ID or OD surf
This led to the advent of TOFD and various tip-diffraction techniques using pulse-echo and

clement conventional UT transducers. With PAUT {ip-diffraction is typically the default method,
the same holds true with FMC/TFM. Figure 8-10.and Figure 8-11 show two crack examples. The
one is connected to the ID surface, and the second is connected to the OD surface of the sample. In

and the green measurement cursor is placed in the deepest diffracted tip signal. The through-
extents of the cracks are easily sized-with this approach. The multitude of data views available
FMC/TFM often gives a macro or glébal view of the indication, allowing the examiner to see the
in its entirety.

the
ace.
dual
and
first
both

examples, the red reference cursor is placedyon the depth that corresponds to the connection surface,

wall
with
flaw
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Figure 8-10: Through-Wall Height Sizing of cracks using Tip Diffraction technique: ID connected crack
on 1 in. thick specimen. T-T image path. Red reference cursor on ID surface, green measurement cursor
on deepest crack tip. D(m-r) reading of 0.485 in. shows through-wall height of crack.

<Previous

Figure 8-11: Through-Wall Height Sizing of cracks using’T'ip Diffraction technique: OD connected cfack
on 1 in. thick specimen. TT-TT image path. Red reference cursor on OD surface, green measurement
cursor on deepest crack tip. D(m-r) reading.of 0.813 in. shows through-wall height of crack.

<Previous

Courtesy of Kenneth Shane Walton-University of Ultrasonics
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8.1.6 Length and Height Sizing Comparisons with Various Methods—TFM, TOFD, PAUT

The sizing accuracy of TFM is comparable to the results obtained from more established UT methods
such as PAUT and TOFD. Several one-inch thick carbon steel weld samples with 50/50 Double-V
geometries (Figure 8-12) were scanned and the collected data was used for comparisons in the presented
examples. The indications shown in the examples were in the bottom half of the weld zone. This ensured
that the flaws were in the optimal focal zone of a TOFD setup with a PCS set to achieve a 2/3rd “T”
focus, to eliminate the timing error and increase accuracy for that method. TOFD is often seen as a
benchmark for through-wall sizing, so care was taken to optimize the results there. The TFM and PAUT
techniques were also optimized in the region of interest.

Figure 8-12: Weld Joint Geometry for 1 in. (25 mm) Samples
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S
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DS 00634 0500 s

[

—~0.125

9.0
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Courtesy of Kenneth Shane Walton-University of Ultrasonics

Figure 8-13: Flaw Sample Manufacturer’s Record of Sizing Tolerances

DEFECT TOLERANCES: LENGTH =£0.0807
HEIGHT £0.040" (SURRACE BREAKING)
+0.080" (MIEWALL)
TILT/SKEW +5°
DIMENSIONAL TOLERANCES: . X£0.17, JX¥E0.020", XXxX£0.005", 015"
(UNLESS OTHERWISE STATED)

Courtesy of Kenneth Shane;Walton-University of Ultrasonics

Table 8-1: A flaw sizing.comparison between multiple methods

Flaw Length and Through-Wall Height Comparisons between TFM, PAUT, and
TOFD

Indication 1-EOF 2-1D Crack 3-Porosity 4-Slag
Description

Documented 0.650 in. 0.825 in. 0.750 in. 0.650 in.
Length

Documented 0.130 in. 0.260 1n. 0.130 in. 0.100 in.
Height

TFM Length 0.675 in. 0.837 in. 0.775 in. 0.649 in.
TFM Height 0.139 in. 0.281 in. 0.154 in. 0.082 in.
TOEDeneth—10-636-#- 08445 0-T7644n- 0-646-41-
TOFD Height | 0.131 in. 0.260 in. 0.155 in. 0.089 in.
PAUT Length | 0.656 in. 0.867 in. 0.783 in. 0.651 in.
PAUT Height | 0.154 in. 0.281 in. 0.157 in. 0.093 in.

Courtesy of Kenneth Shane Walton-University of Ultrasonics
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Figure 8-14, Figure 8-15, Figure 8-16, and Figure 8-17 show TFM, TOFD, and PAUT images of the
scan data for each indication.

Figure 8-14: Images of Indication # 1-Lack of Sidewall Fusion: (a) TFM-T-T mode, (b) TOFD
Non-Parallel Scan, (¢) PAUT Sectorial Scan
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Courtesy of Kenneth Shane Walton-University of Ultrasonics
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Figure 8-15: Images of Indication # 2—ID Crack: (a) TFM-T-T mode, (b) TOFD Non-Parallel Scan, (c)
PAUT Sectorial Scan
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Courtesy of Kenneth Shane Walton-University of Ultrasonics
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Figure 8-16: Images of Indication # 3 Porosity: (a) TFM T-T mode, (b) TOFD Non- Parallel Scan, (c)

PAUT Sectorial Scan
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Figure 8-17: Images of Indication # 4 Slag: (a) TFM T-T mode, (b) TOFD Non-Parallel Scan, (c) PAUT
Sectorial Scan
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Courtesy of Kenneth Shane Walton-University of Ultrasonics
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Additional TFM only sizing examples are shown in Figure 8-18, Figure 8-19, Figure 8-20, and Figure
8-21.

Figure 8-18: TFM Images of OD-Connected Crack

Courtesy of Kenneth Shane Walton-University of Wltrasonics

Figure 8-19: TFM Images of ID-Connected Crack
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Courtesy of Kenneth Shane Walton-University of Ultrasonics
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Figure 8-20: TFM Images of Slag
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Courtesy of Kenneth Shane Walton-University of Ultrasonics

Figure 8-21: TFM Images of LOF-Far Side Bevel-Height Sizing using Tip Signals

Courtesy of Kenneth Shane Walton-University of Ultrasonics
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9 FRACTURE MECHANICS FLAW CHARACTERIZATION

9.1 Introduction to Fracture Behavior

Knowing about the strength and load-carrying capability limits is essential for engineering structures,
and in particular, pressure vessels and piping components. The strength of a material is normally
associated with the point (or stress) at which the material no longer behaves in an elastic (or linear)
manner, and the ultimate strength is that stress which causes failure. However, actual failure or fracture
of a component can occur at stresses much lower than those strength values, depending on how much
toughness or ductility the material exhibits before actual separation. The difference between a biittle
low toughness) material and a ductile (high toughness) material can be seen from the plot-ofitepsile
testing for load vs. displacement for two materials shown in Figure 9-1.

Figure 9-1: Load vs. Displacement from Testing of a Brittle and Ductile Material

/ Ductile Behawvior

_— Brittle Behayiar

Load

—=Crack Growth

Displacement

Image Courtesy of Sinewave Solutions

The actual point of fraCture can either occur in a catastrophic brittle manner or after large amounts of
ductile deformation.and tearing, which would absorb much of the energy. Recognizing the differ¢nce
and understanding the parameters that can cause the various types of failure, and building in sdfety
margins to preéyent such failures, is the task of the design engineers. Fracture mechanics is the mgans
by which.materials engineers can avoid the potential problems of unanticipated fracturg by
understanding the interrelationship between the applied loading of a structure, the environmnent
including temperature and potential chemically aggressive media), the presence of cracks (or crpck-
like-defects), and the inherent material properties. The ASME Code has incorporated the standards|and

& < eme s ee s s e failures

or conditions leading to early retirement of these structures.
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9.2 Overview of Fracture Mechanics

Fracture mechanics (FM) is an engineering discipline that answers the question: Is the material’s
resistance to failure in the presence of a sharp crack greater than the stress-strain being applied by
loading? Besides being used in design work, FM is applied in the analyses to predict and disposition
the margin against failure of a component containing a flaw. Since flaws in a component can lead to

premature failure or fracture, non-destructive examination (NDE) is used as a means to identify

and

characterize the presence of any flaws that could become critical and is a critical tool for the overall
understanding and managing the structural integrity of the components. The methodology that is

applied goes beyond the scope of this chapter. However, for the purpose of this chapter, it is impo
to realize that the presence of a flaw amplifies the stress to the material in its vicinity, and that ¢
significantly reduce the load-carrying capability of the component.

criteria (e.g., materials, stresses and loading, operating requirements, flaws and ‘their detectabilit]
the purpose for using the fracture mechanics method. The main objectivesof\FM is the preventio
component failure, but it can also be applied to tailoring a complete component design, including N
requirements.

There are typically two different approaches to the design and analysis of a component. The first b
the traditional approach, which is the “strength of materials” concept. Basically, the engineer ded
what the service life will be and builds according to that. Overbuilds would be more correct. AS
typically overbuilds components by 3.5 times what is ne¢ded, and sometimes more. This is a sg
margin. With this approach to component design, failure will occur when the applied stresses ex
the material strength.

Table 9-1: Strength of Materials vs Fracture Mechanics Method

rtant
buld

Fracture mechanics considers the effects the flaw (i.e., cracks, or crack-like defects) hastonrthe integrity
of the component. The major premise for FM is that crack behavior in a structure can(b¢ predicted when
the effect of several factors is known. Thus, establishing relationships between the different enginedring

) is
n of
\DE

eing
ides
ME
fety
teed

Strength of materials method Stress > Material strength = Failure

Fracture Mechanics method | Stresst crack geometry > Material Fracture Toughness = Failui

Courtesy of Timothy Griesbach

defect) can reduce the load-carrying capability of a structure, and the target of a FM analysis
examine the effects of the stresses and the material properties on the crack tip and is often depictg
A triangle as seen here:

Figure 9-2: The Three Elements Related to Component Fracture

Material Properties

The second method is the FMtapproach. The FM method recognizes that the presence of a crack

(or
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Related in
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Tip Field
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Stresses Defects

Image Courtesy of Sinewave Solutions
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There are three outcomes that can typically happen that are dependent on many combinations of
variables:
1. The flaw can grow, or a significant event may occur, resulting in failure of the component,
2. Depending on the stress level applied to the component, the flaw may mitigate itself, and
stabilize or remain in a benign condition, or

3. The component is repaired or is to be retired or replaced in time so that the predicted useful life
will outlive the flaw growth.

Tharafora —smanitarima tha oconditingn o f o Ao ot e ctntaey o d Jdotoeatnin g g oo and
rHererore,oRtorgtne—cohnattto—otr—a—component—er—Sstructure;ana—aete g —tne—hargt

remaining component life, is a constant task defined by the procedures in the ASME Cede|and
regulations that govern the safe and continued operation of the component. Fracture mechafics is|just
A tool to be used to perform these evaluations, but the knowledge of the design limity (strésses|and
cycles), material properties, environment and the presence or absence of flaws and defectsrelies o1 the
inputs provided from other sources. Certainly, one of the key inputs to the FVD analysis is| the
identification of the size (i.e., length), location, and depth of any flaws that may exist. Pre-service
inspections should have eliminated any flaws or defects prior to going into Operation, but flaws may
initiate and propagate while in-service, and for this reason continued insservice inspection may be
performed to detect such flaws. In addition, the material properties (including strength and toughrless)
could change because of aging effects, making the component more‘susceptible to one or more types
of early failure.

[t is important to note that FM is NOT what the UT techniciaindoes. NDE is “flaw characterization”.
The technician locates and sizes flaws then applies the results to the accept/reject criteria withir] the
various ASME tables. The tables themselves were derived using FM. The fracture mechdnics
evaluation occurs after a flaw has been detected and characterized following the UT examination.

9.3  History of Fracture Mechanics

The investigation into fracture behavior of large engineering structures began sometime after the [first
world war. Not much progress had been“imade until the second world war when approximately 25
percent of the all-welded U.S. Liberty ;ships experienced brittle fracture (as shown in Figure 9-3),
especially during cold weather. A major inadequacy in the conventional design process became
apparent: unstable fracture can occur at stress levels well below the design (elastic) limit when certain
conditions exist (e.g., low serviee temperature and weld defects).

Figure 9-3: Catastrophic Failure of a Liberty Ship During World War 2

The image below shows the S5 Sghehagtady tanker, one of the World War |l Liberty Ships and one of the most iconic fracture failures. The Liberty ships all Had a
tendency to crack during coldwsatber and rough seas, and multiple ships were lost. Approximately half of the cracks initiated at the corners of the square patch
covers which acted as stresg Ngeps. The 55 Schenectady split in two while sitting at dock. An understanding of fracture mechanics would have prevented thgse

losses.
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Eventually, researchers at the Naval Research Laboratory developed materials tests and a general
understanding of the principles of fracture-safe design. It became apparent that the ferritic steels being
used would undergo a ductile-to-brittle transition behavior with decreasing temperature. This behavior
could be measured as a material characteristic or parameter called the nil-ductility transition

temperature, or NDT, as shown in the fracture analysis diagram (FAD) in Figure 9-4. [32]
Figure 9-4: Pellini’s Fracture Analysis Diagram (FAD)

TENSILE _

mm————=w
STRESS| . e T FTP

(FRACTURE STRESSES =~ .~ =" -7

FOR SPECTRUM OF P B

FLAW SIZES) ’ ’ @

I 7/ V4
’ # ’
it / 7 Fd /
T T < _SMALL FLAW 7 y) £ /S of
» STRESS [\ H NOT 7 // e
i INCREASING
i [[\Fwszes | 7 ELASTIC
- 8 3 ”~ /
v ygh = ——— o e e S FRACTURES
3 S 0O NOT
3 Zzzzt> PROPAGATE
i (TEMPERATURE L IMITATION)
§ ]
Z vk —— — fe— s
CAT CURVE
L5 —— s

5-8KS| g
{STRESS LIMITATION)
0 ) I T DU TN NP [N AT SN W N S N
NDT NODT + 30°F NDT + 60%F NOT +120°F
TEMP. =

Image from the Naval Research Laboratory Report AD0402089" (report is in the public domain — Fig. 9)

The FAD relates operating stress to service tempeérature and to flaw sizes required for failure.

indexed to the NDT temperature, defined as the highest temperature at which the material behaves
predominantly brittle manner. The diagram further includes the Fracture Transition Elastic (FTE) p
defined as the upper limit for elastic fractureunder yield stress levels for small flaws in relatively s
thicknesses (e.g., 1-2 in.), and the Fracture Transition Plastic (FTP) which relates to failure after pl
overloading. At temperatures higherthah the FTP, fracture can only occur by ductile tearing. Fin
the bounding Crack Arrest Temperature (CAT) defines the region that provides a conservative me

concepts were fully developed; the FAD curve was used for fracture-proof design such as for s
thickness components (e.£.,)1-2 in.) the operating temperature should remain above NDT + 60°F,
for larger thickness components (e.g., 6-12 in.) The operating temperature should remain above N
+ 120°F. This was~dene to ensure that the component material properties remained ductile.

important for the éngineer to understand, from the FAD diagram, the relationship between tempera
flaw size, and‘component thickness to maintain a suitable safety margin for protection against fail

9.4 <Fwo Main Categories of Fracture Mechanics

Thete are two main categories of FM: Linear Elastic Fracture Mechanics (LEFM) and Elastic P1

[t is
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pint,
mall
hstic
hlly,
hod

for fracture-safe design based%on dynamic crack arrest principles. Before the fracture mechgnics

mall

and
DT
[t is
ure,
ire.

hstic

Fracture Mechanics (EPFM). Linear Elastic Fracture Mechanics (LEFM) is the older and more hi

bhly

developed of the two. LEFM considers the area immediately surrounding the crack tip as a very small
area of plasticity (see Figure 9-5). EFPM is very similar to LEFM but uses a different parameter to

characterize the stress-strain intensity at the region of the crack tip and can calculate a much larger
of plasticity at the crack tip. These two methods will be discussed in the following section.
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Figure 9-5: The Two Types of Fracture Mechanics Methods

LEFM EPFM

"K" Zone

Plastic Zone

Image Courtesy of Sinewave Solutions

of high yield strength material, such as plates in reactor pressure vessels (RP¥s): There are sey

component wall thickness (heavy), constraint on the structure, high rates ofloading, etc. These a
conducive to generating a brittle fracture, but most importantly, withyery little plastic deformd
occurring.

LEFM is based on elastic analysis of the stresses in a relatively drittle structure that contains a s
crack. The crack is expected to behave in a predictable mannet‘until the applied loads exceed a ce
calculated stress intensity value. The combination of the.influencing factors is known as the c
driving force(s) and is denoted as “K”. Given a known cracksize and component geometry, if a non
load is continually increased, affecting the crack tip @egion, it will reach a critical level wherg
materials fracture resistance is exceeded. The crackwill destabilize, and rapid fracture will occur.
critical value of “K” is termed “K1c”. When the stress intensity exceeds the calculated limiting v4
the crack exhibits unpredictable growth, and\a~brittle failure of the structure occurs. For exan
consider a glass rod and the way it would(snap if it was bent too far. This is a brittle fracture.
intensity of the stress field in the area around the crack tip, or crack tip stress intensity factor, is usy
based on a “Mode 1” (see Figure 9-6):method of cracking.

Figure 9-6: The Three Modes of Cracking

[LEFM is used when material behavior is expected to be brittle. This includes items with heavy sectiions

eral

variables that influence LEFM, some of which are: more brittle materials, low,operating temperatyres,

e all
tion

harp
tain
rack
iinal
the
This
lue,
Iple,
The
ally

Mode 1-Opening Mode 2-Sliding Mode 3—Tearing

N—

Image Courtesy of Sinewave Solutions
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Elastic Plastic Fracture Mechanics (EPFM), which is very similar to LEFM, but uses a different
parameter to characterize the stress-strain intensity at the region of the crack tip. This method can
calculate a much larger area of plasticity at the crack tip. One limitation for LEFM that led to
development of EPFM is the fact that austenitic stainless steels are much too tough of a material to
apply the LEFM (i.e., brittle fracture) techniques. EPFM allows for calculations of margins against
failure to apply to a wider range of materials, higher operating temperatures, essentially a more ductile
fracture environment. This method has developed relatively rapidly and is gaining more and more
acceptance in the engineering community.

This is applicable to thin sections of tough material, such as austenitic piping cofmponents or fetfritic
steel materials operating at high temperatures.

[n EPFM there are four basic stages to crack growth.
1. At the first stage of ductile fracture, the crack tip is blunted becatise of loads on the crack.

2. Stresses reach some critical level of J and the crack begin$. to extend through the matprial
thickness. This is expressed as “J1C”.

3. There is stable crack growth along a curve known as the J-R curve.

4. At a maximum load point the material ruptures by-awrapid ductile tearing.
[t should be noted that there is a third method of fracture mechanics: High Temperature Time
Dependent Fracture Mechanics (HTTDFM). This mereTecent category uses a model that considers the
whole cross section of a component to be fully undert plastic loading conditions and applies itself]to a

more “creep” type of scenario where the stresses/occur typically below the elastic limit. Such scengrios
usually consist of statically loaded structures and at greater than half the melting point.

9.4.1 Summary

Whether LEFM or EPFM methods‘are used, the intent of the analysis is to determine the crack driying
conditions affecting the structute and the material’s response to those conditions. There is no knpwn
method of FM analysis that ¢overs all possible material/flaw conditions. Some LEFM conceptq are
applicable to EPFM and vice versa. The engineer performing the analysis is expected to use whatgver
works best for the conditions being analyzed.

[t is important to rémember that LEFM and EPFM are intended for different situations, and both have
limitations. Fortunately, most relevant calculations have already been done and are available ir] the
form of the ASME tables for acceptance criteria.

9.5 ‘Application of Fracture Mechanics

Thé-main objectives when using FM as a tool are to answer these basic questions:
\Whkat 1c fl‘\a racidual nffaﬂn-f]ﬂ\ oftha raatarial £oo tho ovnantad 1o 10 1 nt (o taranara ure,

Heon e
Yaati5-tae-festatar-Stf H-othe-ateriartorthe-eXxpectearoaatigenvironinent{(e- P
i =)e i & \ 5 > i

pressure and strain rate) as a function of crack size?
What is the critical crack size that could cause failure, and what is the “Margin”?
How long does it take a crack to grow from a certain initial crack size to the critical crack size?

The answer to these questions will determine whether the component can be returned to service,
repaired, or replaced. If the margin against failure is sufficient for continued operation, a new inspection
interval may be determined to assure no premature failure.
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The relationship between crack size and residual strength, or determination of the time to failure if

crack growth occurs, is the purpose for performing a FM analysis, as shown in Figure 9-7.

Figure 9-7: Illustration of Analysis of Flaws as a Function of Time

T-Desgn Strength

Expected Highest
Service Load

Crack Sizg

Normal Service
Load

Residual Strengt

Failure

May Qcour Failure

Cycles - Time Time - Crack Size

Image Courtesy of Sinewave Solutions

0.5.1 Damage Tolerant Design

Damage tolerant design, or safety by inspection, was developed.as a design philosophy in the 197
an improvement on the fail-safe principle for structural compenents in the aerospace industry. A
clement is the development of a comprehensive programtinspections to detect cracks before they
affect flight safety. Since its inception it has been applied successfully in many fields to managg
extension of cracks in structure through the application of the principles of fracture mechanics

implemented that will result in the detection.and repair of accidental damage, corrosion, and fat
cracking before such damage reduces the,r€sidual strength of the structure below an acceptable 1
[n cases where a failure could be catastrophic, the principles have been adopted and codified in
ASME Code, the API Code, in military specifications, or in regulations intended to protect the py
health and safety.

[n ensuring the continued safeloperation of the damage tolerant structure, inspection scheduleq
devised. This schedule is based on many criteria, including:

Assumed initial condition of the structure (i.e., size and number of initial defects),

Stresses in the structtre (including cyclic stresses) that cause crack growth from the initial conditi
The geometry of thestructure that intensifies or reduces the stresses on the crack tip,

the ability of the*material to withstand cracking due to stresses in the expected environment
strength and toughness),

The largest-erack size that the structure can endure before catastrophic failure,

The likelihood that a particular inspection method will reveal (or miss) a crack,

TheCeriteria or acceptable level of risk for determining when a structure will fail.

s as
key
can
the
An

engineering structure is considered to be damage tolerant if a maintenance program has been

jgue
mit.

the
blic

arc

Nl

These factors affect how Inng the structure mavy operate normally in the damaged condition beforel

one

or more inspection intervals has the opportunity to discover the damaged state and effect a repair.

The

interval between inspections must be selected with a certain minimum safety margin, and also must

balance the expense of the inspections, the weight penalty of lowering fatigue stresses, and
opportunity costs associated with a structure being out of service for maintenance.

the

Therefore, damage tolerant design relies on the results of inspections and the application of fracture

mechanics in the stepwise process shown in Figure 9-8.
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Figure 9-8: Stepwise process for Damage Tolerant Design

1. Determine the size of initial defects 2o, NDI

2. Calculate the critical crack size a. at which
failure would occur ov/ma. = K.

3. Integrate the fatigue crack growth equations to
compute the number of load cycles for the crack
to grow from initial size to the critical size

e da
V=" +/a0 C(Ba/ra)™
4. Set inspection intervals

Image Courtesy of Sinewave Solutions

Once these fundamental principles have been established for the specific application, then the ro
the inspector is to provide the necessary definition about the initial condition.in¢luding sizes, loca
and number of initial flaws or defects in the component. At every required-inspection interval and
the inspection is performed, the process is repeated to establish whether the component is sound or
soon a repeat inspection is required.

When planning and preparing for an inspection of a system or gofmponent, it is important to recog
and consider the many possibilities that may arise. In the event.that one or more indications are deteq
what steps will be required to evaluate the indications:in order to determine acceptability
unacceptability for the intended future operability?

9.5.2 Planning for Inspection Using These Damage Tolerance Principles

This section lists typical steps to be followed before, during, and after an inspection. If and wh
fracture mechanics evaluation is required;)the inspector and the inspection team are essentig
achieving a successful disposition considering all the necessary information, such as:

1. What is the component and-ocation(s) to be inspected?

requirements? If Yes,follow the Code requirements. For example:

e [WB-2000-Examination and Inspection
e What are the Inspections
e What.is the Inspection Program
o What is the Examination Categories

aeceptance standards and frequency of inspections
o Assuming there are no “Unacceptable” indications, the reported results from the inspeq
will be used to justify continued operation for X number of remaining life years, or |
the next planned inspection.

e of
ion,
hfter
how

nize
ted,
; or

En a
I to

2. Are these inspections, required to meet specific ASME Code, licensing, or reguldtory

e This-Program defines the required inspections, inspection methods, examination volunes,

tion
intil

[fthe answer 1s No, then why are the inspections being performed? Is the inspection part of a preventive
maintenance activity, or is there some other reason? Early detection and repair can avoid more serious

problems later, but it is prudent to know what to look for and then to Be Prepared.

For all inspections, the planners must consider, what is the potential outcome if the results
“Acceptable” or “Unacceptable”?
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3. What are the known (or suspected) degradation and failure mechanisms?

e Excessive deformation (broken or missing parts?)
e Ductile rupture
e Crack initiation
e Fatigue cracking
e  Stress corrosion cracking
e Buckling
o Erosion/Corrosion (e.g., surface pitting or loss of material)

e Other types of cracks or defects

Weld defects

Fabrication flaws

Porosity (or voids) in castings or hydrogen flaking in forgings
Stringers or laminations in plate materials

4. ldentify the appropriate inspection techniques, qualifications and reporting requirements.
the inspection techniques properly calibrated to detect and size any rélevant indications?

5. Prior to performing an ASME Code examination, the inspectors, the procedure, and
equipment must be qualified in accordance with the appropriate personnel qualifics
standards. For example:

e ASME BPVC Section XI, Mandatory Appendix~\II-Qualification of Nondestrug
Examination Personnel for Ultrasonic Examination
e ASME BPVC Section XI, Mandatory Appendix VIII-Performance Demonstration
Ultrasonic Examination Systems

Question: What is a relevant indication? Can you identify the acceptable/unacceptable condition?

For example, in many industries of high-volume; high-quality components, visual inspection is
primary QA test for acceptance (e.g., manufacturing, automotive parts, aerospace compon

sure they can identify and reject defective parts. In this case, the visual observation of a rele
indication is by definition an unacceptable condition (e.g., cracking at the leading edge of a jet tur
blade). The inspectors in these specific fields are trained to make that determination to accept or ri
the part.

[n the inspection of nuclear‘components, visual inspection is not the primary NDE technique bec
UT and other methods-(e:g., FMC/TFM) may be used to characterize any relevant indication
relevant flaws that ar€ detected before the final determination of acceptance or rejection. An indicg
detected during this ¢xamination is not automatically rejectable because, according to the ASME C
an additional supplemental exam, corrective action, evaluation, or repair must be performed befor¢
component isveturned to service. In the inspection of safety-grade components (e.g., pressure ve
and piping);the inspector/technician is not qualified to make the determination whether an indic
is acceptable or unacceptable. The inspector/technician is only responsible for performing
examination, detecting any relevant indications or flaws, accurately sizing those indications,
reporting the results of those exams.

Are
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electronic circuits, casting foundries, etc){The training of inspectors for these industries is to nhake
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If the size (i.e., depth and length) of planar flaws detected exceeds the Code allowables, then the
inspection results will be used in an evaluation to determine continued operation for Y number of years
(if justified by a Fracture Mechanics Analysis), or else the component must be repaired or replaced, or
the plant component (or system) may be retired. If this is a new component, the defects may be the

cause for rejection.
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Here is a real-life case for consideration:

During the 10-year ISI examinations of the Doel 3 reactor pressure vessel and the Tihange 2 vessel in
Belgium in 2012, the UT inspections showed 8,149 indications in Doel 3 and 2,035 indications in the

Tihange 2 vessel.

What is the cause of these flaw indications?

Were they there from the beginning?

Is there any evolution in the size/number of these flaws?

How do these flaws influence the integrity of the pressure vessel?

Can the owner demonstrate the integrity of the vessel for continued operation?
What is the role of the inspection team in resolving these issues?

9.6 ASME Code Margins and Safety

The ASME BPVC Section VIII and Section III specifies safety margins for peak stresses during no
and accident conditions, and maximum number of cyclic stresses to preévént fatigue failures.

and life (years or expected cycle) for each component.
The Code provides standards and requirements to prevent against brittle (catastrophic) failure (sud
standards for material selection).
The Code defines design stress limits with safety margins to firevent against overload.
The Code provides safety margins to prevent against ductilefailure.

e Safety Factor = 3 for Level A (Normal) Conditions

e Safety Factor = 2.7 for Level B (Upset) Conditions

e Safety Factor =2 for Level C (Emergency). Conditions

e Safety Factor = 1.4 for Level D (Faulted) Conditions
The Code defines safety margins (i.e., number of cycles) to prevent fatigue initiation.
Preservice and inservice inspections are.performed to assure that safety margins are maintained. H
a design perspective, no flaws or“crack-like indications are permitted in new (or replacen
components.

Cracks that exceed a critical defect size will reduce the margin of safety and could lead to prem4
materials, loads or stresses;-and the presence of flaws (or defects).

9.7  Flaw Evaluation Procedures Using Fracture Mechanics

The ASME BRVC Section XI provides procedures and rules to determine whether a compo
containing.flaws is acceptable for continued operation.

IASME Code Philosophy:
1.5 Evaluate detected flaws against preservice inspection standards (Level 1).
a. IWB-3500

mal
All

combinations of stresses (pressure, thermal, mechanical, etc.) are evaluated for the design conditions

h as

rom
ent)

ture

failure of the component. Fracture Mechanics is used to connect the relationship between strength of

hent

2. If IWB-3500 flaw acceptance limits are exceeded, evaluate detected flaws using Flaw

Evaluation Procedures (Level 2) to show that:

a. ASME Code Margins are maintained considering crack propagation and it can be

demonstrated that there is no brittle fracture using IWB-3600 standards and
i. There is a margin of 3.0 on stress for normal operation.
ii. There is a margin of 1.4 on stress for faulted conditions.
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iii. Cracks are acceptable if there is a factor of 10 on crack size for normal

conditions.

iv. Cracks are acceptable if there is a factor of 2 on crack size for faulted

conditions.

b. Cracks are acceptable for continued operation for a specific period of time, or until the

next inspection is performed.
At this point it is important to determine to ask the question, “Run, Repair, or Replace?”

analyses can be performed using Elastic-Plastic Fracture Mechanics (Level 3).
e A detected flaw may be shown to be acceptable for a finite period of time considering d
and length of crack growth and the margins against ductile rupture to assuré- ASME (
margins.
Given the time and effort needed to perform a Level 2 or Level 3 analysis, thé\utility may dg
whether it is more cost-effective (and timely) to perform the analyses or else<repair or replacg
component.

The outcome (and the ultimate decision) is highly dependent on the accuracy and reliability of the N
results.

9.7.1 Steps in the ASME BPVC Section XI Flaw Evaluation‘Procedure

Figure 9-9 and Figure 9-10 describe the sequence of events which may lead to the need for a frag
mechanics evaluation of a flaw indicated during in-service inspection. Figure 9-9 indicates the ger]
sequence of events, starting with the inspection program;,and ending with a flaw which may or may

required. Unfortunately, experience has shown that flaws larger than those permitted in the stand
may exist. When this happens, additional actions must be taken to disposition the flaw by one of t
methods:

The flaw must be removed to the exfent required to satisfy the acceptance standards, but wit
reduction in structural adequacy of the:component (i.e., safety margin),

The flaw must be removed and repaited, as by a weld repair,

Evaluation of the flaw must be.performed to confirm the structural adequacy for continued servicg
The component must be replaced.

Figure 9-10 describes the. sequence in more detail for the evaluation of the flaw and indicateq
possibility that such anyevaluation will not be successful, in which case repair or replacement woull
required.

epth
ode

cide
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Figure 9-9: ISI Sequence

Inspection Program
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Figure 9-10: Flaw Evaluation Procedure

Evaluation

Alternate Analysis Appendix A

(Nonmandatory)

Method

TWB-3600

Acceptance Criteria

IWB-3610. 3620, 3640

Satisfied ‘ Not Satisfied

1 4

Repair or Replace

Records and Reports

Image Courtesy of Sinewave Solutions

9.8  Acceptance Criteria Examples

The following examples are taken from three different Code books. They are ASME B31.3 Pro

Section XIRules for Inservice Inspection of Nuclear Power Plant Components.

The Code’ books provide drawings and acceptance criteria tables. However, the nomenclature
component thickness ranges, and the maximum acceptance values of the books are all different.

CCSS

Piping, ASMEBPVC Section VIII Rules for Construction of Pressure Vessels, and ASME BFVC

the
It is

understandable that the different Code books would have different requirements for different typq

s of

service and especially when using different materials. In turn, this would naturally lead to different
values within the tables. A practical example of a difference would be multiple flaws aligned through
the volume of the weld. ASME BPVC Section VIII (vessels) and Section XI (inservice) go to great

lengths to describe proximity rules for this, including additional steps, whereas the B31.3 does

not.

Even so, the process to disposition a flaw is all the same, and the Fracture Mechanics principles are the

same.
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Another question is why are the surface flaw and subsurface flaw criteria different? This is due to the
force that is exerted from the flaw. A surface flaw is only considered as having one direction to grow,
and a subsurface flaw has two. Therefore, any given aspect ratio for surface or subsurface will be
different.

The following figures and tables illustrate the difference between the Code sections.
Figure 9-11: From ASME B31.3-2022

Figure R307
SpppfriepHSr ot e

L) ( [

1 |'}
/ ¢ T—W ‘I / J‘ri**ifff]
i || Wzt

e
=~
E

L

e

D
P P—
Sg=05h y

{a) Surface Flaw (b) Surface Flaw

— ij»,IL 1
| 7w &

F ¥

g

—————
e~ —

Se>05h,

(¢} Subsurface Flaw

Table R308.1 Acceptance Criteria for Surface Flaws Table R308.2 Acceptance Criteria for Subsurface Flaws

Maximum Maximum
hg/T,, for Nominal Weld Thickness hg/T,, for Nominal Weld Thickness

25 mm to 65 mm 100 miu*to 300 mm 25 mm to 65 mm 100 mm to 300 njm

Aspect Ratio, hg/l (1.0in.to 2.5in) (3.9 in. to 11.8 in.) Aspect Ratio, g/l (1.0 in. to 25in.) (3.9 in. to 11.8 i1}.)
0.00 0.031 0.019 0.00 0.068 0.040
0.05 0.033 0.020 0.10 0.076 0.044
0.10 0.036 0.022 0.20 — 0.086 0.050
0.15 0.041 0.025 0.30 0.108 0.058
020 =——rO0dT 0.028 0.40 0.132 0.066
0.25 0.055 0.033 0.50 0.156 0.080
0.30 0.064 0.038 0.60 0.180 0.094
0.35 0.074 0.044 0.70 0.206 0.108
0.40 0.083 0.050 0.80 0.232 0.122
A4S 0.085 0.051 0.90 0.258 0.138
0.50 0.087 0.052 1.00 0.286 0.152

GENERAL NOTES: GENERAL NOTES:

(@) Aspect ratio (li5/l;) used may be determined by rounding the (3] Aspect ratio (N7/17) Used may De determined Dy rounding the
calculated hg/le down to the nearest 0.05 increment value calculated hg/Ir down to the nearest 0.10 increment value
within the column, or by linear interpolation. within the column, or by linear interpolation.

(b) For intermediate thickness T, [thicknesses greater than 65 mm | (b) For intermediate thickness T,, [thicknesses greater than 65 mm
(2.5 in.) and less than 100 mm (3.9 in.)], linear interpolation is (2.5 in.) and less than 100 mm (3.9 in.)], linear interpolation is
permitted to obtain /T, values. Otherwise, the lower values permitted to obtain hp/T,, values. Otherwise, the lower values
shall be used. shall be used.
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Figure 9-12: From ASME BPVC Section VII-2021

Figure 7.11
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Figure 7.14

Non-Aligned Coplanar Flaws in a Plane Normal to the Pressure Retaining Surface

¥
A B 1/2in. (13mm) r\/‘
S<d,or2d, & .
(whichever is o l— Clad Surface
greater) . B
| L {— Pressure Retaining Surface
S Of Unclad Component Or
I Section T-T Clad-Base Metal Interface
Of Clad Component
A-B-C-D I ¢ —— —

Surface Flaw #1

—

|+— Unclad Surface

igure 7.
Multiple Aligned Planar Flaws

Unclad Surface—}

Parallel Planes
Bounding

— 7 Aligned Flaws

Surface L] ol
Flaws :
Note (1) A—| A

N~ ‘ 1 [

d, 2d,,2d,,2d, = Depths Of
Individual Flaws

E-F-G-H

PR A Ly
S,<d, or2d, c S, <2d, or 24, T Y
(whichever i 2d,— (whichever is
greater) greater)
‘ 2d, S
: >0.4d,
E F Surface [e2a,7

Flaws
Note (2)
. [P )
S, < 2d, or 2d,

(whichever is
2d, | greater)
2 )

Surface Flaw #2

Clad Surface —|

Pressure Retaining Surface—H
Of Unclad Component Or
Clad-Base Metal Interface
Of Clad Component

k——5 > 0.4d,——{e—2d |

D D’
€ f {
E E
Surface

1 Flaws -t

—a
Note (3)

B

&

S, <2d;0r 2d,
(whichever is
greater)

o>

H G

S, <2d, or 2d, 2a,
(whichever is greater)

NOTES:

(a1 + a2) = (a + a2} /2 Withit planes 4 - &' and B B'

(3) This illustration inditates two surface flaws and one subsurface flaw.

(1) This illustration indicatgsisupface flaws. The first, a;, is on the outer surface, and the second, a_, is on the inner

(2) his illustration inifeates two subsurface flaws: (a1 + ) < (a, + a;)/2 within planes ¢ - ¢' and D - D’

Table 7.9
Flaw Acceptance Criteria for Welds With a Thickness\Between 13 mm (% in.) and Less Than 25 mm
lin.)
Flaw Type aft 1
Surface flaw <0087 <64 mm (Y in)
Subsurface flaw <0143 <64 mm (Y in)

GENERAL NOTES:

(a) The parameter  is the thickness of the weld éxcluding any allowable reinforcement, and the parameter | is the length of the flaw.
For a butt weld joining two members ‘having different thickness at the weld, t is the thinner of these two thicknesses. If a full
penetration weld includes a fillet weldy then the thickness of the throat of the fillet weld shall be included in t.

(b) A subsurface indication shallbe tgnsidered as a surface flaw if the separation (S in Figure 7.11) of the indication from the near-
est surface of the component is eual to or less than half the through dimension [2d in Figure 7.11, Sketch (b)] of the subsurface
indication.

(c) The acceptance limits specified here are based upon workmanship considerations and are not necessarily intended for use in
evaluating flaws idenfified after the vessel has gone into service.

(d) @ and / are asdefiged in 7.5.5.2.

Table 7.10
Flaw Acceptance Criteria for Welds With Thickness Between 25 mm (1 in.) and Less Than or Equal
to 300 mm (12 in.)

Flaw 25 mm (1in) < ¢ < 64 mm (2% in.) 100 mm (4 in) < ¢ <300 mm (12 in)
Aspect Ratio, Surface Flaw, Subsurface Flaw, Surface Flaw, Subsurface Flaw,

a/t ajt ajt ajt ajt
0.00 0.031 0.034 0.019 0.020
0.05 0.033 0.038 0.020 0.022
0.10 0.036 0.043 0.022 0.025
0.15 0.041 0.054 0.025 0.029
0.20 0.047 0.066 0.028 0.034
0.25 0.055 0.078 0.033 0,040
0.30 0.064 0.090 0.038 0.047
0.35 0.074 0.103 0.044 0.054
040 0085 0116 0050 0061
0.45 0.085 0.129 0.051 0.069
0.50 0.087 0.143 0.052 0.076

GENERAL NOTES:

(a) The parameter t is the thickness of the weld excluding any allowable reinforcement, and the parameter / is the length of the
flaw. For a butt weld joining two members having different thickness at the weld, ¢ is the thinner of these two thicknesses. If a
full penetration weld includes a fillet weld, then the thickness of the throat of the fillet weld shall be included in ¢.

(b) A subsurface indication shall be considered as a surface flaw if the separation (S in Figure 7.11) of the indication from the near-
est surface of the component is equal to or less than half the through dimension [2d in Figure 7.11, Sketch (b)] of the subsurface
indication.

(c) The acceptance limits specified here are based upon workmanship considerations and are not necessarily intended for use in
evaluating flaws identified after the vessel has gone into service.

(d) For intermediate flaw aspect ratio a/I and thickness ¢ [64 mm (2%, in.) < ¢ < 100 mm (4 in))], linear interpolation is permissible.

(e) Ifthe acceptance criteria in this table results in a flaw length, /, less than 6.4 mm (0.25 in.), a value of 6.4 mm (0.25 in.) may be
used.

(f) For materials exceeding 655 MPa (95 ksi) ultimate tensile strength, the use of this table is limited to a thickness of 200 mm
(8in.).
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Notice the different naming system. We see the letters Hy, Lr for the B31 code, and “a”, and “I” for
ASME BPVC Section VIII, however they both describe the same thing. This can lead to some confusion
in an already unexplained process. There is also another proximity rule for ASME BPVC Section XI
called “Y™.

Figure 9-13: From ASME BPVC Section XI-2021

Table IWB-3510-1
Allowable Planar Flaws

Al i H L | . e L ale . il -
vaterac  rerrresteets thatmeettne .cqtrrrementruf-N'B-iﬁﬁ-l-un'd-ﬁ-iﬂe(-b-)-of-Sectm-H—

Volumetric Examination Method, Nominal Wall Thickness, [Note (1)], [Note (2)] ¢, in. (mm)

Aspect 2%/, (65) and less 4 (100) to 12 (300) 16 (400) and greater

Ratio, Subsurface Flaw, Surface Flaw Subsurface Flaw, Subsurface Flhw,
[Note (1)] Surface Flaw, [Note (3)], [Note (4)] [Note (5)], a/t, [Note (3)], [Note Surface Flaw, [Note (3)], [Ngte

a/f [Note (5)] a/t, % a/t, % Yo ()] a/t, % [Note (5)] a/t% ()] a/t,?

0.0 3.1 3.4y 100 1.9 2.0yL00 1.4 1.5y 100
0.05 3.3 3.8y0% 2.0 2.2y090 16 1.7y%%1
0.10 3.6 4.3y%72 2.2 2.5y069 1.7 1.9y%67
0.15 4.1 4.9y"48 2.5 29047 r9 2.1y%%
0.20 4.7 5.7y050 2.8 33y%47 2.1 2.5y04°
025 5.5 6.6Y%65 33 38y0el 25 2.8Y%57
0.30 6.4 7.8y084 3.8 4.4Y°%77 2.9 3.3y°%75
0.35 7.4 9.0y%% 4.4 5.1y%%3 33 3.8Y%%°
0.40 8.3 10.5y00 5.0 5.8y19° 3.8 437100
0.45 8.5 12.3y° 5.1 6. 727" 3.9 4.9y
0.50 8.7 14.3y00 5.2 7.6 Y40 4.0 5.6Y100
NOTES:

(1) For intermediate flaw aspect ratios a /¢ and thickness t, linear interpolation*is permissible. Refer to IWA-3200(b).

(2) Component thickness t is measured normal to the pressure-retaining strface of the component. Where the section thickness varies, [the
average thickness over the length of the planar flaw is the componeat thickness.

(3) The total depth of a subsurface flaw is 2a.

(4) Y =[(S/t)/(a/t)] or (S/a). Y is the flaw-to-surface proximity facter’and S is defined in IWA-3310 and IWA-3320.If S < 0.4d, the subsurface
flaw is classified as a surface flaw. If Y > 1.0, use ¥V = 1.0.

(5) Applicable to flaws in surface region B-E shown in Figure IWB-2500-5 only if the maximum postulated defect of Section 11 Appendifes,
Nonmandatory Appendix G, G-2120, is justified. If a staler defect is used, Refer to [IWB-3410.2.

Remember that ASME BPVC Section XI is for in-service inspections, but the drawings provided are
similar to those of ASME BPVC Section VIII. The tables are again different, and there is an additipnal
Y factor considered for sub-surface flaws. The reasoning for the “Y” factor is that a larger flaw pear
the surface would be more detrimental than a smaller one. To calculate the “Y” value it is simply|S/a,
and cannot exceed a value of 1.0, therefore any number larger than 1.0 is counted as 1.0. The “Y” vialue
is then multiplied against the appropriate value in the a/t column. Also, in addition to the “Y” value,
the resulting answer,will then be multiplied by the given exponent value in the table.

By walking thtough the process, we can see that it is not as complicated as it would seem. Patienge is
required while working through the process, and regardless of the different nomenclature, symbolf, or
number/0f'steps required the process for characterization is the same.

0.9-0 Applying the Acceptance Criteria Tables and Using Interpolation

or the purpose of this training, we will use a B3T code. This information comes from Appendix R of
the B31.3 2018 edition. It is worth noting that the B31 is the simplest to use, and that other codes such
as ASME Sec VIII, and Sec. XI are also easy to use, but are slightly different. While they are similar
in overview, and the process is essentially the same, the acceptance criteria are different, and the process
to arrive at the answers will be slightly more involved. Mainly this is due to the nature of the end
product. From the first half of this chapter, we learned that the different fracture mechanics methods
have different applications. Therefore, it makes sense that B31 piping is going to be different from
ASME BPVC Section VIII pressure vessels, and both are going to be different from in-service
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examinations contained in ASME BPVC Section XI. The end user needs to ensure they are using the
right tables, and for the right Code.

Step 1 — Using the flaw dimension and location, determine if the flaw is surface, or subsurface. When
multiple flaws are present, always start with the largest flaw.

A flaw is considered a Surface flaw if:

It is connected to the surface, OR
If the separation distance from the nearest surface is equal to or less than half the height of the flaw. S

< (0.5h = Surface

A flaw is considered a Subsurface flaw if:
The separation distance from the nearest surface is greater than half the height of the flaw~S> 0.ph =
Subsurface

Figure 9-14: Depiction of surface or subsurface flaw proximity rules from ASME)B31.3-2022

Figure R307
Surface and Subsurface Flaws

( L) ( /
(I | III |"'I I ll"l
R £ SN

o || Szl
e—1-—>] T I le—te—» 4

S.=05h

-
E

é\;i
\

{a) Surface Flaw (b} Surface Flaw

e 1)

N

| SF

e T

——

_{—iﬂl—p_

Sr>0.5h,

{c) Subsurface Flaw

INOTE: The dimension of the flaw(s) shall be determined by a rectangle that fully contains the arga of
the flaw(s), and the length shall be drawn parallel to the inside pressure retaining surface and the height
of the flaw shall be drawn normal (perpendicular) to the inside pressure retaining surface.

Step 2 — Regardless of flaw height or aspect ratio, no flaw length shall exceed 4 times the nominal weld
thickness (From B31.3).

Step 3 — Aspect ratio is the height of the flaw divided by the length of the flaw. For B31.3 this is denoted
as Hy/L¢. Other codes may use different annotations, but it is the same thing. For this step simply divide
the flaw height by the length.
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Example:

Flaw height = 0.3 in.
Flaw length =1 in.
Average weld thickness = 1.2 in. (will use this in the next step).

A flaw with a height of 0.3 in. divided by a length of 1.5 in. gives us an aspect ratio of 0.20 (0.3 in./1.5

in. = 0.20).

This establishes the aspect ratio for the flaw, and it corresponds to the left-hand column in the tables.

Figure 9-15The aspect Tatio cotumm tr red

Table R308.1 Acceptance Criteria for Surface Flaws Table R308.2 Acceptance Criteria for Subsurface Flaws

Maximum Maximum
hg/T,, for Nominal Weld Thickness hg/T,, for Nominal Weld Thicknéss

25 mm to 65 mm 100 mm to 300 mm 25 mm to 65 mm 100 mm to 3Q0"mm

Aspect Ratio, he/l (1.0in. to 2.5in.) (3.9 in. to 11.8 in.) Aspect Ratio, 5/l (1.0in.to 2.5in) (3.9 in~toA41.8in.)
0.00 0.031 0.019 0.00 0.068 0,040
0.05 0.033 0.020 0.10 0.076 0.044
0.10 0.036 0.022 0.20 0.086 0.050
0.15 0.041 0.025 0.30 0.108 0.058
0.20 0.047 0.028 0.40 0.13% 0.066
0.25 0.055 0.033 0.50 0.156 0.080
0.30 0.064 0.038 0.60 0:180 0.094
0.35 0.074 0.044 0.70 0.206 0.108
\{ 0.40 0.083 0.050 V 0.80 0.232 0.122
0.45 0.085 0.051 0.90 0.258 0.138
0.50 0.087 0.052 1.09 0.286 0.152

GENERAL NOTES: GENERAD\NOTES:

(a) Aspect ratio (hg/l7) used may be determined by rounding the (a) Aspect ratio (hg/Ir) used may be determined by rounding the
calculated hg/lr down to the nearest 0.05 increment value talculated hg/lr down to the nearest 0.10 increment value
within the column, or by linear interpolation. within the column, or by linear interpolation.

(b) For intermediate thickness T,, [thicknesses greater than 65 mm.), (b) For intermediate thickness T,, [thicknesses greater than 65 mm
(2.5 in.) and less than 100 mm (3.9 in.)], linear interpolatioy’js (2.5 in.) and less than 100 mm (3.9 in.)], linear interpolation is
permitted to obtain hy/T,, values. Otherwise, the lower valués permitted to obtain hg/T,, values. Otherwise, the lower values
shall be used. shall be used.

Image Courtesy of Sinewaye Solutions (Original Image from ASME B31.3 -2022)

Step 4 — Next, determine if the flaw is acceptable or rejectable, divide the flaw height by the non
weld thickness. Then follow across the appropriate row for the flaws aspect ratio for the co
component thickness. If the-number you have exceeds the number in the row, it is rejectable.
acceptance criteria columfl iS7a percentage of an allowable flaw height per given aspect ratio and
the maximum value thdt is allowed.

Using the above example of a given aspect ratio of 0.20 we follow that row across to the column
the correct material’ thickness of 1.2 in. we will arrive at the following answer. Flaw height 5
in./Weld T of<}:2"in. = 0.25. As you can see, this number far exceeds that of the table, and is therg
rejectable.

9.9.1<.\Linear Interpolation

[n\the previous example everything worked out great because we had an aspect ratio of 0.20 which

jinal
rect
The
lists

with

0.3
fore

'was

listed in the table. Chances are very likely that you will not have such a convenient number to work
with. For example, you may have an aspect ratio of 0.33, which does not appear in either of the tables.
The Code offers two ways to approach this (Read the “GENERAL NOTES” after the tables. In fact,

always read the notes after any table).
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Figure 9-16: Example of When Interpolation May be Needed

Table R308.1 Acceptance Criteria for Surface Flaws

Maximum
hg/T,, for Nominal Weld Thickness

25 mm to 65 mm 100 mm to 300 mm
Aspect Ratio, hg/ly (1.0 in. to 2.5in) (3.9 in. to 11.8in.)

0.00 0.031 0.019
0.05 0.033 0.020
0.10 0.036 0.022
0.15 0.041 0.025
0.20 0.047 0.028
0.25 0.055 0.033
0.30 0.064 0.038
033 ———=> 77?7

0.35 0.074 0.044
0.40 0.083 0.050
0.45 0.085 0.051
0.50 0.087 0.052

GENERAL NOTES
(a) Aspect ratio (hg/lg) used may be determined by roundiniAhe
est 0.05

calculated hg/IF dox ncremeiN\value

within the column, or by linear interpolation.

(b) For intermediate thickness T,, [thicknesses greatefthan 65 mm
(2.5 in.) and less than 100 mm (3.9 in.)], lin€ar\uterpolation is
permitted to obtain i/ T,, values. Otheryisenthe lower values
shall be used.

Image Courtesy of Sinewave Solutions (Original Image from ASME B31.3 -2022)

GENERAL NOTES: (a) The simplest way is to reund the aspect ratio down (i.e., use lower valug) to
the nearest increment on the table. In our example of 0.33 you would select the row for 0.30 fof the
surface flaw table, and 0.30 for the subsurface table. Again, this is rounding down, and NOT rounfling
to the nearest number. For a ratio of 0.27, you would use 0.25 for surface flaws, and 0.20 for subsurfface
flaws.

The other option available is to use\linear interpolation. Linear interpolation allows you to create those
sections of the table that are nottincluded in it. This may be a better option if you do not want to unfhirly
penalize the component. To(see how this works, let’s use the example above for surface flaws, haying
an aspect ratio of 0.33 in a\1.2 in. thick component. Knowing the actual aspect ratio of 0.33 and warting
to find the acceptance limit for this aspect ratio, we will use the surrounding values from the table{and
interpolate.

[Locate the twoaspect ratios that your “actual” aspect ratio value fits between. Using the immediate
value(s) abovedand below your actual number. In this example 0.33 fits between 0.30 and 0.35 o1} the
table (using.the following equation, these will be our X; and X, values respectively).
Next, follow the rows across to obtain the two corresponding numbers from the Hf/ Tw column. As|you
cansee; we will land somewhere between 0.064 and 0.074 (for this equation these will be our Y;fand
Ygvalues).

Here 15 a common formuia 10 acCOMpIiSIT IMETPoTation:;

Y=Y, + (X X)YZ_Y1
=n VX — X,

An easy way to think about interpolation is to represent it in a simple X, Y graph as shown in Figure

9-17. In this case “X” represents the aspect ratio, and “Y” represents the acceptance criteria values.
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Figure 9-17: Interpolation Graph for Aspect Ratio (typical) where X=Aspect Ratio and Y=Acceptance

Limit

0.074
(Y2)

77 0070

=
-

0.064
(Y1)

Acceptante limit (H/T)

030 0.33 035
(%) (X) (Xz)

Aspect Ratio

Image Courtesy of Sinewave Solutions

Also, from the GENERAL NOTES (b) you will notice that this_Same process can be applie
determine an acceptance value for a different thickness, when the’component you are working on

additional steps to create the acceptance values for an aspect ratio not included in the table (e.g., as
ratio of 0.33) before you interpolate for the correct thickness.

Figure 9-18: Example of interpolating for thickness

Table R308.1 Acceptance Criteria for Surface Flaws

Maximum
hpt X for Nominal Weld Thickness

25 mm to 65 mm 80mm 100 mm to 300 mm
Aspect Ratio, hg/lz~ (2.0 in. to 2.5 in.) (3.2in) (3.9 in to 11.8 in.)

d to
falls

between the thickness ranges in the tables. Although, as with) the example above you may have

pect

0.00 0.031 0.019
0.05 0.033 0.020
046 0.036 0.022
yes 0.041 0.025
0.20 0.047 0.028
0.25 0.055 0.033
0.30 0.064 277? 0.038
0.35 0.074 0.044
0.40 0.083 0.050
0.45 0.085 0.051
050 aos7 0052

GENERAL NOTES:

(a) Aspect ratio (hg/lr) used may be determined by rounding the
calculated hg/lr down to the nearest 0.05 increment value
within the column, or by linear interpolation.

(b) For intermediate thickness T, [thicknesses greater than 65 mm

(2.5 in.) and less than 100 mm (3.9 in.}]. linear interpolation is

1'-r"|'l'11.1'['!'r-r] to obtain '.’:'- / f‘ values, Otherwise, the lower values
shall be used.

Image Courtesy of Sinewave Solutions (Original Image from ASME B31.3 -2022)
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As an example, the thickness ranges within the tables are limited. There is one column for 1.0 in. to 2.5
in., then the next column picks up at 3.9 in. to 11.8 in. The gap within the thickness range of the table
is from 2.5 in. up to 3.9 in. There are no acceptance criteria provided in this range. Therefore, if you
had a component that was 3.2 in. thick you would need to interpolate the table to include this thickness.

We will use the same simple process this time using an aspect ratio of 0.30, and instead of interpolating
the acceptance criteria limit moving up and down the table vertically, we will be using the values going
across the table columns horizontally. Please note that the X and Y direction in the graph has nothing
0 do with the difection you arc interpolating within the tabies, and 1S user defined. ror the grafgh in
Figure 9-19, we will simply replace “Aspect Ratio” values with known “Thickness” values.

Figure 9-19: Interpolation Graph for Thickness (typical) Where X=Thickness and Y=Acceptance Limit

Y
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Image Courtesy of Sinewave Solutions
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10 APPLICATIONS

10.1 In-service Inspections: FMC Techniques for High Temperature Hydrogen Attack
Assessment

10.1.1 Problem Definition

High Temperature Hydrogen Attack (HTHA) is a localized complex damage phenomenon. HTHA
occurs in welds, weld heat affected zones (HAZ). or base material in carbon and low alloy steels
exposed to a high partial pressure of hydrogen at elevated temperature. HTHA is possiblg in
hydrocarbon processing units, hydrogen producing units, synthetic gas units, ammonia plantsundet dry
conditions, and in high pressure boiler tubes in wet environment. HTHA typically initiates near t¢ the
internal surface (ID) and the appearance includes:

Decarburization—surface and internal
Volumetric-Like damage—voids (methane bubbles), linking voids, disoriented micro‘cracking (fissyres)
Blistering-like damage—bubbles accumulating in steel laminations near and parallel to internal dianjeter
ID) surface

Crack-Like damage—vertical or inclined cracks.

Detection, characterization, and sizing of HTHA is a challenging inspéction task due to the complgxity
of the damage. API RP 941 past edition recommends many ultrasoni¢ manual techniques developgd in
the 1980°s-1990’s (API 2016). These techniques have limitations) including operator variability.

Wang investigated and improved several historical techniques such as ultrasonic backscattefing,
frequency analysis, velocity ratio, and high-frequency shéar wave (Wang 1999). Advanced Ultraspnic
Backscattering Technique (AUBT) can detect HTHA daimage at a depth of 10-20 percent wall thickhess
Kallenberg and Munsterman 2002). Time-of-Flight Diffraction (TOFD) is an emerging screeping
technique for inspection of two side access welds(API 2016, ASME 2019). TOFD cannot detect HTHA
damage at a depth of 10-12 percent wall thickness due to internal and external diameter dead zpnes
limitations. TOFD can detect simulated HTHA in the weld HAZ, but with wavelength and imaging
limitations it cannot distinguish HTHA\microcracking damage from acceptable inclusions, slag,(and
porosity (Birring 2005). Regardless;»TOFD has been applied for HTHA inspection applications
Krynicki et al. 2006).

The PAUT technique has beeh-used for HTHA detection, characterization, and sizing (Birring 2(j05).
Non-collinear wave mixing of ultrasonic waves has been applied to a test sample extracted frgm a
retired pressure vessel-exposed to hydrogen (McGovern et al. 2016). Full Matrix Capture/Total
Focusing Method (EMC/TFM) and Adaptive Total Focusing Method (ATFM) ultrasonic technigues
were first applied.for enhanced HTHA detection, characterization, and sizing; a comparison of PAUT
and FMC capabilities to detect HTHA damage was confirmed by metallography; TOFD to distinguish
HTHA frommetallurgical imperfections was confirmed; and novel principles for progressive validdtion
and qualifieation using specimens extracted from service were proposed (Lozev et al. 2017). A|[UK
HSE teport reviews historical and new ultrasonic techniques for HTHA inspection, descifibes
limitations of the techniques, and addresses ongoing efforts to codify the new techniques, evaluate
inspection effectiveness, and provide training (Nageswaran 2018). PAUT, FMC/TFM, and TQFD
techniques have been used for HTHA field inspections (Reverdy et al. 2018; Johnson et al. 2019; Neve
et al. 2019).

PAUT and FMC/TFM techniques have been codified in ASME BPVC Section V - 2019 and API RP
941 Addendum 1 (ASME 2019; API 2020).
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10.1.2 Solution

This application presents an approach for optimizing and evaluating the capabilities of codified
ultrasonic array techniques for improved detection, characterization, and sizing of early stage HTHA
in refining equipment. TOFD was not selected for this application because the characterization concerns
and dead zones limitations prohibiting detection of early stages HTHA damage developed near to the
ID surface. Ultrasonic modeling and simulation tools were used to design and optimize a set of linear
and matrix array probes tailored for HTHA inspection. The predicted capabilities of the probes to detect
and size HTHA damage smaller than Imm (microscopic damage), utilized with PAUT sectorial
scanning and FMC/TFM/ATFM longitudinal to longitudinal (L-L) and transverse to transverse ([—T)

direct paths techniques were validated. Samples with micro machine flaws, synthetic HTHA!and|real
HTHA damage were used. Ultrasonic array techniques results were compared with metaltographic
images and measurements.

10.1.3 Array Probes Design and Optimization

The design of the probes and optimization of inspection procedures were based-on a two-step approach
applying semi-analytical tools and advanced software package for processing,imaging, and simulaxons
Lozev et al. 2005; Calmon et al. 2018). Ultrasonic modeling and simulation tools were used to design
and optimize a set of linear and matrix array probes for improved deteétion, characterization, and sifging
of HTHA damage. Array aperture was limited to 64 elements/in“linear (1x64) and matrix (4k16)
arrangements with probe frequency from 5 to 10MHz.

[n the first optimization step, called modeling, an unfocused (hatural) beam profile for each probe|was
calculated, visualized, and used to determine the near field:'Next, a profile for each beam focusefl on
specific depth was calculated and beam cross sections;were visualized. All beam calculations yere
performed for the following combinations of wedges: (1) normal beam with no wedge (hard [face
probe); (2) normal beam with solid, Imm thick thermoplastic wedge; (3) normal beam with solid} 20-
D3mm thick Rexolite wedge; (4) normal beam with conformable (flexible) elastomer wedge filled pvith
water, height 20mm; (5) angle beam with selid Rexolite wedge, height 14, 29 and 45mm, and (6) apgle
beam with conformable (flexible) elastomer wedge filled with water, height 14, 29 and 45mm. [The
natural focal spot was calculated and-specified in three dimensions at —3 dB, —6 dB, and —9 dB ldvels
from peak amplitude as shown in Table 10-1. This specification information assist operators to s¢lect
the right probe for performing HTHA inspection only in the near field and to improve detection|and
characterization capabilities(
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Table 10-1: Natural focal spot sizes and near field for optimized 10 MHz, 64 elements, linear array probe
with aperture 150 mm?

3D natural focal spot sizes at -3 dB, Assodated
-6dB and -9dB Nearfield depthat 55° in | Probe/wedge combination
Wedge o
X Y 7 {mm} Carbon steel 3D visualization
(mm) (mm) (mm) thickness (mm)
| 123 35.4
— 2 ULy
11.4 194.7
Dlri:actdctf)ntact, _6dB 15.4 194.3 198
ard face 17.5 286.2 jﬁfl\
_odp 178 286 :
23.4 384.5
3B 125 36.5
11.5 196.2 >
Rexolite wedge
LO?, height -6dB 155 196.1 190
23mm 17.6 287.6
_odp 18 287.5 o
23.4 386.9 .
8.8 93.5
-3dB “
6.6 198 ~
Rexolite we.dge 111 203
SW55°, height | —-6dB 186 109
29mm 10 290.4
12.9 2958 -
-9dB T
13.2 286.8 '
12.2 921
-3dB
11.4 188.4
Water wedge
15.3 193.3
LO?, height —6dB 194
23mm 17.5 279.7
17.9 290.2
-9dB
234 3794
o ’ _3dB 7.5 100.1
ater wedge
SWES?, height 22 1578 145 83
29mm 9.4 168.4
—b db
7.4 204.6

195


https://asmenormdoc.com/api2/?name=ASME PTB-15 2023.pdf

ASME PTB-15-2023: FULL MATRIX CAPTURE TRAINING MANUAL

The central frequency, aperture, and near field for the developed set of linear and matrix probes are
shown in Table 10-2. The near field represents the optimum thickness range for PAUT and FMC/TFM
inspections in carbon and low alloyed steels.

Table 10-2: Specifications summary for the probes: central frequency, aperture and near field at -6dB

Near Field, mm (Normal Near Field, mm (Normal Near Field, mm (Normal Near Field/Depth, mm Near Field/Depth, mm
Aperture, mm? Beam L-Wave, NO Beam L-Wave, 23/20 mm | Beam L-Wave, 23/20 mm (Angle Beam S/T-Wave, (Angle Beam S/T-Wave,
Probe P ? ‘Wedge/Thermoplastic 1 Height Resuli,le Wedge) Height wate; Wedge) SW55°45/29/14 mm SW55°45/29/14 mm
Central mm Wedge) g 8 s g Height Resolite Wedge) Height Water Wedge)
Frequency,
MHz Linear, 1 x 64 Matrix, 4 x 16 | Linear, 1 x 64 | Matrix, 4 x 16 | Linear, 1 x 64 | Matrix, 4 x 16 | Lincar, 1 x 64 | Matrix, 4 x 16 | Linear, 1 x 64 | Matrix, 4x 16 | Linear, | x 64 | Matrix, 4x 16
clemenis clemen clement clements clements clemen clement clemen) clement clement clement clement
5 320 160 298 96 287 89 290 90 277/162 89/53 206/119 70041
75 250 130 311 132 297 120 307 122 285/167 119/70 21122 91§53
10 150 60 198 65 190 62 194 62 186/109 60/36 145/83 50029

Figure 10-1: Beam visualization at selected depth: (a) normal beam; (b) angle beam

Focal distance
41.5 mm

NS

Focal depth = 25 mm

24 26 mm

Reprinted with permission.

0 beam profile X2

Focal depth

Focal
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Focal depth =
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Focal depth
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"
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Focal
distance
41.5 mm

LWO beam profile YZ

Wlt

o

From Materials Evaluation, Vol. 78, No. 11: 1223-1238. Copyright © 2020 by The American Society for Nondestructive Testing Ific.

The 3D focused beam at selected depths were used to calculate the focal length (spot) and the beam
size in two planes as shown in Figure 10-1 for a normal and angle beam probes.

T~

N

%ﬁ:l spot length at -

9dB =29.1mm
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Focal spot sizes were then calculated for each probe and combinations of wedges at 25mm depth, and
at the end of the near field as shown in Table 10-3. Focal spot sizes were calculated at —3dB, —6dB and
—9dB. This specification information assists operators to select the right probe for performing HTHA
inspection with a minimum spot size and to improve characterization and sizing capabilities.

Table 10-3: Beam sizes of 10 MHz, 64 elements, linear array probe at depth 25Smm: (a) Longitudinal
Wave, no Wedge; (b) Shear Wave, Rexolite Wedge

3D focal spot sizes at -3 dB, —6 dB Associated
and -9 dB Focal | depth at55°
Depth | in Carbon
G = (mxm) (m\:n) (mzm) (mm) Steel
Rl (mm)
F“’Edg_e Y \ a.4
:;”s'"g 19 | aa
mm
0.7 | 6.2
depth -
ep 6 dB ‘ 3.6 6.2 25
0.9 7.6
-9.dB | -
| 53 [ 76
3D focal spot sizes at -3 dB, -6 dB Associated
Contact - and -9 dB Focal | depth at55°
e « T v T g | incaen
weege - (mm) | (mm) | (mm)
Focusing (mm‘),
near field 3dB 5.2 98.2
limit 6.9 | 85.7 §
distance %dB 7.7 132.2 124 N
(198 9.9 130.2
mm .. .
) 9dB 9.5 167.7 T
12.7 167.7
(a)
3D focal spot sizes at -3.dB, Associated
-6 dB and -9 dB Focal | depth at55°
Contaq.:t - e N, = distance | in Carbon
Rexolite (mmg=NNm) | (mm) (mm) Steel
wedge (mm)
SW55° - 06 15.5
-3dB
Focusing N\ 1.9 15.9
25mm 1.1 22.5
depth -6-dB 2.9 231 415 24.26
14 28.6
9 dB ‘
3.9 29.1 ]
3D focal spot sizes at -3 dB, -6 dB Associated
Contaf:t ) and -9 dB Focal | depth at55°
Rexolite . .
X v 2 distance | in Carbon
wedg:e (mm) | (mm) | (mm) (mm) Steel
FSWSS. - mm mm mm Tl
ocusing
1.7 82.8
i -3dB
nela.r f.l:'ld a 828
d‘ltmI G dB 8.2 1819 T1Z 66.64
istance | - X
mm - - .
) 9dB 7.5 218 F
(b)

From Materials Evaluation, Vol. 78, No. 11: 1223-1238. Copyright © 2020 by The American Society for Nondestructive Testing Inc.
Reprinted with permission.
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In the second optimization step, called simulation, the beam of each probe interacted with microscopic
flaws virtually implanted in a 25mm thick double-V bevel carbon steel weld. The objective of the

simulation was to define the capabilities of the probes utilized with both techniques to detect and

size

flaws smaller than 1mm. PAUT sectorial scan and FMC/TFM L-L and T-T techniques were simulated,
and results were visualized in standard A-, B-, C-, D-, and S- views. The maximum amplitude difference
in dB with respect to 2x10mm (diameter x length) reference Side Drill Hole (SDH) was recorded for

the following flaws:

One cluster of 6 SDHs with 0.4mm (400pm) diameter in HAZ at ID surface simulating in-service

HTHA volumetric damage (clustered linking voids and disoriented micro cracking)
Two notches with 0.4mm (400um) height at top surface and bottom surface simulating im3sef
HTHA crack-like damage
Three Lack of Fusion (LOF) flaws with 0.4mm (400um) height along the weld lines (top, middle
bottom) simulating fabrication flaws (metallurgical discontinuities).

10 MHz linear probe with solid Rexolite wedges are shown in Figure 10-2.

Figure 10-2: 10 MHz shear wave beam interactions—PAUT (left) and FMC/EEM T-T (right): (a) clus
of six SDHs; (b) notch

Examples of beam interaction with simulated clusters of volumetric damage and cfack-like damagg

vice

and

for

ter

tive

(a)
Figure 10-2 (a) from Materials Evaluation, Vol. 78, No. 11: 1223-1238. Copyright © 2020 by The American Society for Nondestru
Testing Inc.
(b)

Simulations predicted that HTHA micro damage is detectable only in the higher end of the investigated

frequency range. Simulation results predicted that both PAUT and FMC/TFM 10 MHz techniques
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detect all damage, however the TFM/FMC technique was more precise at sizing micro indications
including the height and separation SDH clusters. It was demonstrated that HTHA indications detected
with higher frequency will be missing at the lower frequency range. Large macro HTHA damage may
be detected and visualized using SMHz techniques but the number of indications will be limited. For
the notch, PAUT only detected the corner echo, and was not able to detect the tip, resulting in unreliable
sizing. FMC/TFM detected the notch and revealed that TFM sizing is possible even when acquiring
diffraction echoes is not probable. Regardless, the accuracy of sizing is dependent on the wavelength
and array aperture.

10.1.4 FMC Capabilities Validation

10.1.4.1 Samples Selection and Preparation

The capabilities of ultrasonic array techniques were validated and qualified in three steps using a lirary
of samples (1) with machined flaws, (2) with synthetic HTHA damage, and (3) removed from serjvice
during progressive validation and qualification.

Two carbon steel bars with micro-machined flaws were employed for the fitst’validation step and the
initial assessment of the techniques. Using micro-machined flawed samples allowed a comparisagn of
ultrasonic finings with as-built dimensions without cutting the samplesy 36 micro SDHs mimickihg a
volumetric damage were machined and grouped in three clusters., The height (diameter) of SDHs yary
from 0.180 to 0.400 mm, SDHs vertical separations vary from-0.07 to 0.90 mm and overall clyster
dimensions vary from 0.7 (length) x 1.3 (height) mm to 1.7 (length) x 3.0 (height) mm. Blistertlike
damage was represented by 6 shallow micro Flat Bottom Holes (FBH) with diameter and height (dgpth)
less than 1mm. Crack-like indications were imitated by two step-wise flaws with height and length of
the steps less than 1mm.

[Two carbon steel blocks with synthetic HTHA damage were used in the second step. Initial block
material was baseline tested using 15 MHz.'64 elements linear probe with FMC/TFM LL path
technique. The baseline inspection verified, that the material is free of micro/macro inclusions|and
laminations. Introducing synthetic damage in the validation samples permitted controlling the stageland
spread of HTHA damage with lessCcomplexity. The samples were critical for optimizing| the
characterization capabilities of the techniques.

Samples from two vessels remdved from service were investigated in the third step. The samples with
in-service induced damage (répresent the unique HTHA morphology and localized manifestatign at
different stages and spreading across the components. These samples are very rare and difficuft to
collect. The samples with real HTHA damage were the most reliable source for assessing capabiljities
of the techniques before recommending widespread deployment in the field. Materials and process
parameters of the \vessels are presented in Table 10-4.

Table 10-4: Vessels material and process parameters

Vessel Unit Material Wall H2 Fluid Temperature, | Years|in
Thickness, | Partial °C (°F) servige
mm (in) | Pressure, In Out
MPa
(psi)
Depentanizer | Hydro C-0.5 14 1.5 (230) 400 385 (725) 53
reboiler treater Mo (750)
channel
Zinc oxide | Hydrogen | C-0.5 34 2.1 (337) 385 370 (700) 45
drum plant Mo (725)

From Materials Evaluation, Vol. 78, No. 11: 1223-1238. Copyright © 2020 by The American Society for Nondestructive Testing Inc.
Reprinted with permission.
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Ten sections of a channel and eight large areas of a drum were selected for inspection. Multiple samples
containing indications for potential HTHA damage were removed for destructive metallographic
verification of the ultrasonic array findings. Precise EDM cuts and progressive grinding were used to

validate the height and length extremes of the selected indications. Computed Tomography (CT)

was

used to verify the location and sizes of HTHA damage below the polished surface in the remnants of

selected metallographic mounts.

10.1.4.2 Experimental Setups

A battery powered, 64 channel, ultrasonic instrument with parallel architecture was used.
instrument was integrated with fully and semi-automated scanners for multiple array probg des
with solid wedges (Rexolite and Thermoplastic) and conformable (flexible) elastomer wedges f]
with water. Normal beam L-wave array probes were used for inspection and damage, Veritficatio
base material with all wedge designs, and on welds without removing the reinforcement (crown)
flexible wedge designs. Angle beam shear wave (SW) array probes were used for'weld inspection|

per ASME BPVC Section V - 2019 with and without Time-Corrected Gainy(TCG) was complete
INAVSHIPS test block (AISI 1018 mild/low carbon steel), ASTM PAUTrblocks, and SDHs fabrig
in the test components.

10.1.4.3 Distance Calibration
Examples of calibrations using 1.2mm SDHs are shown in Figure 10-3.
imaging without TCG; (b) angle beam (S/T-wave)—flexible wedge setup and T-T distance calibratig

imaging without TCG; (c) angle beam (S/T-wave)—solid wedge setup, FMC/TFM T-T and PAUT S
distance calibrationtimaging with TCG.

@ (b)
FMC/TEMTT PAUT SW

Deiay Rang o

The
igns
lled
N on
with
and

base material damage verification. The distance calibration, sensitivity, and amplitude fidelity check

1 on
hted

Figure 10-3: Calibrations: (a) normal beam (L-wave)—flexible wedge setup and L-L distance calibrafion

n
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10.1.4.4 Amplitude Fidelity

The objective of the amplitude fidelity check was to prevent signal loss due to incorrect FMC/TFM
properties, specifically grid density setting. The probe was position over the vertical row of Imm
diameter side drilled holes in the ASTM E2491 Phased Array Assessment Block. The probe was fixed
on three different positions:

With the row of side drilled holes in the middle of the zone

With the row of side drilled holes approximately 2mm from the left edge of the zone

With the row of side drilled holes approximately 2mm from the right edge of the zone

Examples of probe position and screen display for T-T path/mode, pseudo A-scans along a verticabline,
and the Rol are shown in Figure 10-4.

Figure 10-4: Amplitude fidelity: (a) setup and pseudo A-scans; (b) T-T path/mode Rol; (¢)failed T{T
with Rol 30x25mm (width x height); (d) passed T-T with Rol 25x25mm (width. x height)

s ol v
-'____‘ A\ ; - " w |® /\

Configuration || TFM Options | . ' on

~| &7
= = —
—
: o Rl

(@ < (b)

Amplitude Fidelity Check - TT: Instrument SN 237, 10L64 G2 1974P1009, Resolite
Wedge 136 Cr:2330 m/s NP:2F7mm , Region of Interest 30x25mm (Width x Height)

7

6 N\
.‘g 5
£
< 2 N

1 PN, ¢

(PR

Q 5 10 15 20 25 30
Side Drill Hole Depth, mm
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Amplitude Fidelity Check - TT: Instrument SN 237, 10L64 G2 1974P1009, Resolite
Wedge 136 Cr:2330 m/s NP:27mm, Region of Interest 25x25mm (Width x Height)

N
(2]

Amplityde, dB
= =
(U} = (2] N

f

o
4
[
1

0 5 10 15 20 25
Side Drill Hole Depth, mm

—@—2 mm Left —@—20mm Offset (Middle) ~ 2dMm Right

(d)

The side drilled hole with the highest amplitude was set to 80%screen height. The increment am

for each of the three probe positions. The results were tabilated and AF for each side drilled hole
calculated as:

AF = 20log(highest value[%]/lowest value[%])

Figure 10-4(c) and Figure 10-4(d).

10.1.4.5 Sensitivity and Resolution

A general rule of thumb ferthis application was that HTHA damage must be larger than one-ha
the wavelength (1) to be detected and separated using at least one of the selected array techniques

PAUT sensitivity and)resolution were limited to half wavelength (for Carbon Steel, 10 MHz
0.16mm/160um)-and the focal spot size. Classical TFM sensitivity and resolution were limited to
tenth of the wayelength and Rol grid’s density (for Carbon Steel, 10 MHz SW, 497x497 grid poin|

of pixel size*and resolution (wavelength ratio) for selected Rol employed in this application. The
size and resolution/wavelength ratio for selected Rol are summarized in Table 10-5. For the ded
mode) (L or S/T) and frequency the highlighted in green and yellow Rol sizes are recommended

hunt

was calculated as 1/10 of the wavelength. Amplitude fidelity. verification was completed in four gteps

'was

The procedure was considered successfully passed if AF values for each probe position were bglow
A4dB (i.e., +2db). Examples of failed andcsuccessfully passed AF verifications using 10 MHz7, 64
clements linear array probe and grid increments 0.03mm (1/10 A) for T-T path/mode are shown in

f of

SW:
bne-
(s in

D 5x25mm Rol:'0.016mm/16pum). Theoretical pixel size limit of 0.28A (~A/3.6) was used for calculations

ixel
ired
for

assing AF check. A wizard was developed for calculation of the right Rol using a similar appreach

and is integrated in the advanced software package.
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Table 10-5: Pixel Size and Resolution/Wavelength Ratio for selected Rol

Resolution or Pixel Size, mm and (Resolution/Wavelength) Ratio

probe Frequancy. MH L-Wave Wavelength,mm | Theoretical pixel size Rol 10x10mm | Rol 25x25) Rol 75 100x100mm| Rol 125x125mm| Rol 150x150mmj| Rol 200x200mm|
quency, (V' =5900m/s} limit (0.28 ), mm 497x497 497x497 497x497 497x497 497x497 497x497 497x497 497x497
pixel size = pixel size = | pixel size = | pixel size=| pixelsize= pixel size = pixel size = pixel size =
0.02 0.05 0.10 0.15 0.20 0.25 0.30 0.40

5 1.18 0.02% 0.04% 0.09% 0.13% 0.17% 0.21% 0.26\ 0341
7.5 0.79 0.03% 0.06A 0.130 0.194 0.267 0.32% 0.38% 0.51A
10 0.59 0.03% 0.09A 0.17% 0.26A 0.34) 0.43% 0.514 0.68%

Resolution or Pixel Size, mm and (Resolution/Wavelength) Ratio

s
4 7| Theoretical pixel size
Prabe Frequency, MHz mm . 497x497 497x497 497x497 497x497 497x497 497x497 497x497 497497
limit (0.28 A), mm
(V=3240m/s)
pixel size = pixel size = | pixel size = | pixel size = pixel size = pixel size = pixel size=+ | | pixellsize =
0.02 0.05 0.10 0.15 0.20 0.25 0.30 040

5 0.648 0.03% 0.087 0.16A 0.23% 0.31% 0.39% )).4;7\'/ 0.A
7

7.5 0432 0.05 0122 0231 0351 0474 0.581 Coan X: 3

10 0324 0,061 016 0312 0470 0,621 0.78% I\ 053h 14

[ine and/or raster scanning for data collection and typical C- (Top View), B-4(T- or End View), D-
Side or Front View) scans were used for localization and sizing of HTHASdamage—Figure 10-3. In
addition, PAUT S- scan (view) and single plane TFM view were used-A£or'sizing verification. Pata
collection scans were performed at multiple frequencies and 12dB abovie-the reference gain.

Figure 10-5: Scanning plans and typical C-, B<,)D- views

Sample
i Transducer
Head side /
S
o
/] N\
Z
we'\ t}& ) €———surt of the Scan
RN
/I\ @ Shell side

End of the Scan

Scan Reference (0,0)

Index Axis (X Axis)

Shell side
C-Scan (Projected)

hell side
B-Scan (Projected)

Shell'side
D-Scan (Projected)

The first step of the analysis was detection to 1) identify the presence or absence of HTHA damage or
metallurgical imperfections and ii) characterization. The analysis was performed at the reference [gain
or with reduced 3-6dB gain. Simulations predicted that HTHA micro damage is detectable only in the
higher end of the investigated frequency range. The same HTHA indications will be missing af the
lower frequency range. Large macro HTHA damage may be detected and visualized using SMHz
techniques, but the number of indications will be limited. When a mix of metallurgical imperfections
and micro/macro HTHA damage was present multiple UT techniques, 3D visualization, and
segmentation were used to improve the characterization process and differentiate HTHA damage from
metallurgical imperfections.
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The second step of the analysis was sizing. Tip diffraction technique was used for damage height sizing
when the tip was detected and imaged. The 6dB or 3dB drop techniques were used for damage height

sizing when the tip was not detected. The same techniques were used for length sizing.
The best results were achieved following these rules:

Use the highest practical frequency for a specific base material, weld, and wall thickness
Work in the near field (aperture and frequency dependent)

Use the smallest beam spot for PAUT (aperture and frequency dependent)

Use the highest density grid in Rol for FMC/TFM/ATFM (Rol size and number of pixels dependent).

10.1.4.6 Investigation of Samples with Machined Flaw

were initially validated using samples with micro-machined flaws with known sizes and.scparatiop

Two carbon steel bars with micro and macro machined flaws were used for the initiakassessment of the
techniques. 3D FMC/TFM T-T view of the bar and flaws is shown in Figure 1046.

Figure 10-6: FMC/TFM 3D imaging of carbon steel bar with machined flaws

density of 256x256 pixels for two Rols\(25x25mm and 5x5mm) were investigated. A picture of clIster
E is shown in Figure 10-7. Cluster_E consists of the six smallest micro SDHs, with overall cl

from two directions (skew, 90 and skew 270) are shown.

204

The capabilities of PAUT sectorial scanning and FMC/TFM/ATFM (L-L and T-T paths) téchniues

The 7.5 and 10 MHz FMC/TFM T-T techniques detected all 36 micro flaws, grouped in three clusters.
Only 10 MHz FMC/TFM T-T technique separated all micro SDHs grouped in the clusters. A |grid

ster
dimensions 0.7 (length) x 1.3 (height) mm, height (diameter) of each SDH is 0.180 +/- 0.060mm|and
SDHs vertical separations vary~-from 0.07 to 0.90 mm. In the same figure, TFM imaging of the clyster
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Figure 10-7: Example of micro-machined clustered flaws: (a) picture; (b) skew 90 TFM imaging; (c) skew
270 TFM imaging

Figure 10-7 (a) from Materials Evaluation, Vol. 78, No. 11: 1223-1238. Copyright © 2020 by The American Society for Nondestrudtive
Testing Inc. Reprinted with permission!

(b)
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A comprehensive imaging analysis of the clusters and each SDH was performed for two Rols. Absolute
TFM measurements and errors for the height and vertical separations are summarized in Table 10-6
and Table 10-7.

Table 10-6: Clusters and SDHs height measurements using 10 MHz T-T path/mode

H-As Built, &8H, % ; {Error,% H-AUT, mm UT 8H, % ; {Error,%
mm (As Buikt -  |H-UT, mm (UT &H, mm [Error = |= [(UT ! &H, mm [Error = = [(UT
optically measured vertical |(UT measured |measured mea.sured {UT measured |measured
Indication measured extend Jh e@ﬁ?mmﬁ“ﬁmmm nd)-
vertical extend, |diameter) (As built)] (As built)] fAs diarfe‘ter) (As built)] (As built)]/4s
height = built x100} builtx100}
diameter)
Rol - 25x25mm Rol - 5x5mm
B (Cluster) 3.06 3.2 0.14 4.58% 33 0.24 7.84%
Bl 0.4 0.8 0.4 100.00% 0.41 2,01 2.50%
B2 0.4 0.5 01 25,008 0.42 0.0z 5.00%
B3 0.4 0.4 0 0.00% 0.49 0.09 22,5086
B4 0.4 0.6 0.2 50,0088 0.53 0.13 32.50%
BS 0.4 0.5 01 25.00% 04 0 0.00%
BE 0.4 0.4 0 0.00% 05 01 25.0086
O (Cluster) 29 3.4 0.5 17.24% 2.8 -0.1 -3.45%
BN 0.24 0.5 0.26 108.33% 0.28 0.04 16.67%
D2 0.24 0.4 0.16 66,673 0.35 011 45.83%
D3 0.24 0.3 0.06 25,008 03 0.0 25.0086
D4 0.24 0.7 0.46 191.67% 0.44 0.2 83.33%
b5 0.24 0.3 0.06 25.00% 03 0.06 25.00%
06 0.24 0.2 -0.04 LG 67% 0.35 011 45.83%
£ (Cluster) 1.51 22 0.69 45, 70% 18 0.29 19.21%
E1 018 0.3 012 BE.67% 02 0.0z 11.11%
E2 0,18 0.2 Q.02 11.11% 0.19 0.01 5.56%
E3 013 0.4 0.22 122.22% 0.23 0.05 27.78%
E4 018 A (N IR 0.21 TNAR I/
ES 018 0z 0.02 11.11% 0.23 0.05 27.75%
E& 0.18 0.5 0.32 177.78% 0.19 0.01 5.56%
The clusters, simulating micro flaws concentrated in the vertical extend range from 1mm to 3mm, yere
oversized with up to 20% error when 5x5mm Rol was used and up to 50% when 25x25mm Rol|was
used. Single SDHs, simulating micro flaws in the range from 0.180 to 0.400mm (from 180 to 400uum)
+/- 0.060mm (60um) were oversized in an average with 20-50% error when 5x5mm Rol was used|and
in an average with-50-100% when 25x25mm Rol was used. The height measurements using 5xymm
Rol were very accurate as the spatial resolution was improved by the ROI pixel resolution; the hgight
measurements_ising 25x25mm Rol were still acceptable considering the microscopic flaw size.
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Table 10-7: SDHs vertical separation measurements usingl0 MHz T-T path/mode

. ASH, mm ASH, mm
. SH-As Built, mm ASH, % ; {Error,%
Vertical . SH-UT, mm (UT |[Error= {UT &SH, % ; {Error,% = |SH-UT, mm [Error={UT
i {As Built - = [{UT measured
Separation optically measured measured [{UT measured (UT measured |measured vertical
(Through seperation in [separation in |vertical separation)- |seperation in [separation in .
measured . i X . K K separation)-(As
Wall L. vertical vertical (As built)]/As built |vertical vertical i i
. separation in ) i i K i K i i built)]/As built
Separation) i L. direction) direction)- (As (x100} direction) direction)-
vertical direction) i i x100}
built (As built
Rol - 25x25mm Rol - 5x5mm
B1.RD 074 n7 004 -5 419 08 006 & 119
B2-B3 0.84 0.8 -0.04 -4.76% 0.9 0.06 7.14%
B3-B4 11 1 0.1 -9.09% 11 0 0.00%
B5-B6 0.87 0.9 0.03 3.45% 0.8 -0.07 ~805%
B6-B1 0.97 1 0.03 3.09% 0.9 -0.07 -122%
D1-D2 0.74 0.7 -0.04 -5.41% 0.8 0.06 8.11%
D2-D3 0.84 0.8 -0.04 -4.76% 0.8 -0.04 -4.76%
D3-D4 11 11 0 0.00% 11 0 0.00%
D5-D6 0.87 0.9 0.03 3.45% 0.9 0.03 3.45%
D6-D1 0.97 1 0.03 3.09% 0.8 -0.17 -17.53%
E1-E2 0.41 0.5 0.09 21.95% 0.4 -0.01 -2.44%
E2-E3 0.53 0.8 0.27 50.94% 0. 0.07 13.21%
E3-E4 0.37 0.4 0.03 811% 0.4 0.03 8.11%
E5-E6 0.43 0.4 -0.03 -6.98% 0.5 0.07 16.28%
E6-E1 0.41 0.4 -0.01 -2.44% 0.5 0.09 21.95%

The errors for separation measurements were less than 20%:using 5x5mm Rol and less than 50% using
D5x25mm Rol. The vertical separation measurements using'both Rol are very accurate for the range of
0.4-1.1mm as built separation.

A good agreement between the simulation predictions and TFM experimental sizing and separdtion
measurements was demonstrated using samples, with micro-machined flaws with known sizes|and
separation.

10.1.4.7 Investigation of Samples with-Synthetic HTHA Damage

[n the second investigation step, the/capabilities of PAUT sectorial scanning and FMC/TFM/ATFM
L-L and T-T paths) techniquestwere validated using samples containing synthetic HTHA damage with
controlled distribution and morphology.

Two carbon steel blocks ‘with synthetic HTHA damage were used in the second step for assessing
capabilities of the ultrasonic array techniques. Initial block material was baseline tested using 15 MHz,
64 elements linearprobe with FMC/TFM LL path technique. The baseline inspection verified thaf the
material is free @fimiicro/macro inclusions and laminations. The baseline inspection results at selected
single planes-are shown in Figure 10-8 (a). The blocks were low frequency inspected using the

using 1OMHz linear and matrix probes, FMC/TFM technique in LL path/mode. 10MHz FMC/
projected C-scan is shown in Figure 10-8 (b). More than 100 micro and macro indications

o = 0
detected when using 5 MHz linear array probe (Figure 10-8 [d]). These images demonstrated the
decrease in detectability and resolution at lower frequency and the potential increase of the sizing error.
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Figure 10-8: FMC/TFM LL imaging: (a) 15MHz imaging of non-damage block—pseudo A scan (top left),
single plane B-scan (top right), single plane D-scan (bottom); (b) 10MHz projected C-scan of damage
block; (c¢) 7.5MHz projected C-scan of damage block; (d) SMHz projected C-scan of damage block; (e)
10MHz split screen imaging of selected indication: projected C-scan (left top), single plane B-scan (top
right), single plane D-scan (bottom right), pseudo A-scan (bottom left).
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Figure 10-8 (b), (c), (d), (e) from Maferials Evaluation, Vol. 78, No. 11: 1223-1238. Copyright © 2020 by The American Society
Nondestructive Testing Inc. Reprinted with permission.

Figure 10-8 (e) illustrates a split screen analysis using C-scan, single plane B- and D-scan, and psq
A-scan. One largg¢ indication of HTHA micro damage was selected for analysis and boxed in

indication is—a‘sign of strong reflected and diffracted signals from the damage and was confirme
pseudo A-scan (Figure 10-8 [e] bottom-left). The same indication is marked with a crossing of
measusing cursors in the single plane side view (Figure 10-8 [e] top-right) and front view (Figure
[e] boftom-right). This indication is relatively near to the hot surface of the block that was exposg

udo
the

projected top yiew image shown in the top-left corner of Figure 10-8 (e). The red color of the inhage

1 by
x/y
| 0-8
d to

hyidrogen. The estimated length of the indication in TFM front view was ~0.7mm (~700pm). Mul

iple

small indications of HTHA volumetric damage were observed in both planes and are represented by

light blue dots.

The presence and the length of ~0.7mm (~700um) indication was validated at low magnification
(~100X, As-polished) using optical microscopy—Figure 10-9 (a). Optical microscopy at lower

magnification in Figure 10-9 (b) displayed a smaller ~0.Ilmm (~100 pm) fissure forming isol

ated

microcrack below to the larger microcrack. The separation between these microcracks are larger than
the pixel size and allows it to be visualized as isolated indications. Scanning Electron Microscopy
(SEM) at higher magnification (~5000X) revealed damage features ~0.010mm (~10um) showing grain
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boundary void formation and some early stages of coalescence of voids in the periphery of the main
feature—Figure 10-9 (c). No evidence was obtained to verify that any of the investigated techniques are
capable to detect linking voids at one grain boundary or clustered linking voids in a small volume. If
limited fissures start forming small micro crack in the clustered linking voids along 5-10 damaged grain
boundaries the detectability probably is enhanced. This type of early stages volumetric damage is
possibly visualized as a blue haze and cloudy area around internal large microcracks and macrocracks

or adjacent to the bar surface exposed to the hydrogen (Figure 10-8 [e] right). This surface of the b

ar is

actlng as a backwall for ultrasound and is represented by the sohd red 11ne in the front and side view

smgle sub-mlcron V01d formatlon are presented in F 1gure 10 9 [d] Sub-mlcron V01d formatlo g
detectable by any of the techniques evaluated in this study.

Figure 10-9: Optical microscopy and SEM imaging of accelerated HTHA damage: (a}}ig)((k( as-|
polished; fissures forming relatively large micro crack; (b) ~100X; as-polished; fissures f
micro crack; (c) ~5000X; Nital Etchant; SEM photograph of damage feature showi rain bound
void formation and some early stages of coalescence of voids in the periphery one main feature; (
~5000X; Nital Etchant; SEM photograph of damage feature showing severedissolution of grain
boundaries and some early stage of single void forma ion.

Relatively small m

ming smaEll

)

(b
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A g TR [] .

Early stages of coalescence of voids indicative of
HTHA volumetric damage
- Ll
B R

Voids formation indicative of HTHA volumetric damage

(©) &)
Figure 10-9 (a), (b), (c) from Materials Evaluation, Vol. 78, No. 11: 1223-1238. Copyrigk 2020 by The American Society fo
Nondestructive Testing Inc. Reprinted with permis§ion.

o ] A 2 2 o

3 i ¥ K

damage

LA M T T z o

Q (d)
[t was Validat@t 10 MHz FMC/TFM LL path technique can detect and size better synthetic H'l
damage 0@
10.1.4.8Investigation of Samples Removed from Service (Progressive Validation)

[ third investigation step, the capabilities of PAUT sectorial scanning and FMC/TFM/ATFM

'HA
parallel to ID comparing with T-T path technique and lower frequency LL techniques.

(L-

and complex HTHA damage at different stages and morphology.
The setups for fully automated PAUT and FMC/TFM of the vessels are shown in Figure 10-10.
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Figure 10-10: Setup for fully automated PAUT and FMC/TFM: (a) depentanizer reboiler channel; (b)
zinc oxide drum

(a) (b)
Figure 10-10 (b), from Materials Evaluation, Vol.(78, No. 11: 1223-1238. Copyrighf ©

2020 by The American Society for Nondesttuetive Testing Inc. Reprinted with
permission.

Channel welds:

Potential HTHA blistering, micro and macro cracking indications were detected in the channel wields
using 10 MHz linear probe, FMC/TFM T-T technique. Murtiple indications were detected in the HAZ
of the most susceptible section of the shell to head citeumferential weld. Rol width was extenddd to
cover the HAZ of the weld at the head side.

Similar micro and macro indications were observed on the head side, but the severity was Iqwer
compared to the shell side. The largest indications selected for a detailed analysis are shown in Figure
10-11 (a).
The analysis results for indication #2(boxed in the right bottom corner of Figure 10-9 [a]) are shpwn
in the split screen views of Figure 10711 (b). B-scan image (Figure 10-11 [b] top-left) analysis displays
a root crack with Smm height representing 34% wall thickness (WT) damage. The intersections of the
vertical and horizontal cursors*on C-scan (Figure 10-11 [b] bottom-left), D- cumulative scan (Figure
10-11 [b] bottom-right) and)D- scan single plane (Figure 10-11 [b] top-right) are showing the locgtion
of the same crack-likelindication. The elongated red areas on the right side of C-scan and D-sgans
represent potentially breaking macro cracking at the root.

The clusters ofiblue dots in the single plane D-scan represent an early stage of HTHA damjage.
[ndications of'potential facets of HTHA damage was detected at skew -10° in the breaking areas using
matrix probe-and S-scan—Figure 10-11 (c). The matrix probe results in the second focalization pllane
indicatg.that the root crack is potentially continuous.
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Figure 10-11: 10 MHz T-T FMC/TFM and PAUT techniques imaging of HTHA weld damage: (a) linear
probe C-scan and identification of the indications; (b) linear probe split screen views of indication #2; (c)
indication of potential HTHA damage detected in the breaking areas using matrix probe and S-scan at
skew-10°

From Materials Evaluation, Vol. 78, No. 11: 1223-1238. Copyright © 2020 by The American Society for Nondestructive Testing Ihc.
Reprinted with permission.
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The metallographic investigation verified the presence of root cracking, stepwise cracking

and

blistering with cracking edges. A cross-section image of the root crack is shown in Figure 10-12 (a).
Optical metallography confirmed matrix probe findings that the crack in HAZ is a continuous
macrocrack along the weld starting from indication #2 and finishing at the end of the scan. Macro

stepwise cracking was observed in the base material adjacent to the root crack — Figure 10-12

(b).

Microscopic and macro blistering with cracking edges was documented near to ID — Figure 10-12 (c).
Voids and linked voids as an indication of volumetric HTHA damage were observed at the tips of the
cracks and blisters at higher magnification — Figure 10-12 (d). Single sub- mlcron voids and sub-micron

1[11]_‘[\1115 VUldD \AAZ 4BV d\alf\aul’\«d VVlI.h (/lll-y (/lll(/l-y l\a\/}“ull\.iblbo SLI\JDD 1\41(,uud TITIVIVU \Jl“\J}\D \AAYZ 4% Ubo\a
at the same magnification (Figure 10-12 [e]), but it was not possible to distinguish HTHA crack
damage from stress-related micro cracking with ultrasonic techniques.

Nital etched); (b) stepwise macro cracking (~40X, Nital etched); (c) blisters (~40X, Nital etched); (d)
along grain boundaries (~2,000X, Nital etched-left; ~20,000X, Nital etched-right); (e){stress-related
cracking (~1,000X, Nital etched).

Indication #2 - toe macro crack with micro
steps in the heat affected zone indicative
of HTHA damage

Figure 10-12: Weld damage validation using optical metallography and SEM: (a) root cracking (~HX,

ed
like

oids
icro

(b)
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Voids along grain boundaries ahead of the crack tip indicative of HTHA damage §
- b ._‘-‘..-.

Figure 10-12 (a), (c), (d) from Materials Evaluation, Vol. 78, No. 11: 1223-1238. Copyright © 2020 by The American Society for
Nondestructive Testing Inc. Reprinted with permission.
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Channel base material:

An example of identification (boxing) of the potential HTHA damage in C-scan projected views using
PAUT 5-7.5-10 MHz straight beam techniques is illustrated in Figure 10-13 (a). A very small number
of indications for potential damage were identified on 5 MHz C-scan compared to the relatively higher

number of indications on 7.5 and 10 MHz C-scans.

Indications #10.1a.1 and 10.1a.2 were selected for detailed analysis and comparison using projected or

single plain B-Scans. Figure 10-13 (b) illustrates the comparison of single plane B-Scans. The top

row

consists of the PAUT (BF) B-scan, the middle raw FMC/TFM, and the bottom row FMC/ATFM

imaging; the left column consists of SMHz, the middle column 7.5MHz, and the right column FON
techniques imaging. The best detection and image resolution for indications 10.1a.1 and 10.1a.2

cluster of smaller and weaker indications were detected above both indications usifig the §
technique. The 10 MHz PAUT SW, 7.5 MHz, and 10 MHz FMC/TFM T-T technigues confirmed
presence of both indications. PAUT S-scan images using two focal laws (groups)/are’shown in thg
of Figure 10-13 (¢). The first group was focused on the mid-wall (top-left) and the second group

images for both 7.5 MHz and 10 MHz transducers.
Figure 10-13: Imaging of Indication #10.1a.1 and #10.1a.2: (a) projected PAUT straight beam C-Sc4

PAUT S-Scans and FMC/TFM T-T B-scans usingshear wave techniques.

achieved using 10 MHz FMC/ATFM LL technique—see bottom/right image of Figure 10-11 (b)).

Hz
was
A
ame

the

top
was

focused on the bottom (top-right). The bottom raw of Figure 10-13 (c) représents TFM technjque

ns

comparison; (b) PAUT straight beam and FMC/TFM.ATFM LL B-Scans comparison; (c) comparison of
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10.1al = 101a.2

. =N e
R e e L B

TFM: 5 MHz TFM: 7.5 MHz

10121 10122 10.1a1°  *10.1a.2

- T P,

ATFM: 5 MHz ATFM: 7.5 MHz ATFM: 10 MHz

Mid wall focusing IC focusing

TFM SW: 7.5 MHz 10 MHz

Figure 10-13 (b), (c) from Materials Evaluation, Vol. 78, No. 11: 1223-1238. Copyright © 2020 by The American Society for
Nondestructive Testing Inc. Reprinted with permission.
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The EDM cutting plan for three metallographic mounts preparation was developed and is show
Figure 10-14 (a). To validate the locations and measure the width and height of indications#10.1a.1

n in
and

10.1a.2, progressive grinding was performed from one side of each mount. During each grinding step,

0.5 mm of material was removed until the maximum height (depth) of the indication was obtained

The metallographic images at lower (x10) and higher (x50) magnification for both indications
shown in Figure 10-14 (b-d). Enhanced detection and visualization capabilities of FMC/TFM
ATFM techniques at higher frequency were validated metallographically. Indications#10.1a.1

are
and
was

classified as two micro blisters and 10.1a.2 as a stepwise micro crack. The complexity of the blistering

orphology in the mount remnants was vatidated using Computed Tomograpny : imagyq
indication 10.1a.2 from 2 to 10mm below the front polished surface of the mount are shown in Fi
10-14 (e).

x10, Indications 10.1a.1 and 10.1a.2; (¢) Magnification x50, close up view of Indicatiom10.1a.1; (d) x
close up view of Indication 10.1a.2; (e¢) CT images of Indication 10.1a.2 from 2 to"10mm below th¢
polished surface of the mount.

Figure 10-14: Metallographic and CT Images for Indications 10.1a.1 and 10.1a.2: (a) cutting plan; (b)

WELD

5.3 mm

[9.65 mm

-\ N,

91.5,0

mm

0,20

12 mm|

26 mm

~ for the

~ the first cut

Side 1

mounts

Side 2 for the
mounts after

s of
bure

50,

Blister without edge cracking

indicative of HTHA damage

(b)
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Blister with edge cracking indicative of HTHA damage

Blister without edge cracking
indicative of HTHA damage

(d)

(e)

below

Figure 10-14 (b), (¢) from Materials Evaluation, Vol. 78, No. 11: 1223-1238. Copyright © 2020 by The American Society for
Nondestructive Testing Inc. Reprinted with permission.
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The height and the width of the indications were measured from the metallographic images. A
comparison of PAUT techniques results (longitudinal straight beam and angle shear wave beam) with
FMC/TFM L-L, FMC/TFM T-T, FMC/ATFM L-L and metallographic measurements for Indication
#10.1a.1 are shown in Table 10-8. Rol 10x10mm was used for FMC/TFM/ATFM techniques. A post
processing tool called segmentation was applied to improve characterization and reduce the sizing
inaccuracy. Better sizing results were demonstrated using high frequency FMC/TFM and FMC/ATFM
techniques.

Table 10-8: Height and width measurements of Indication#10.1a.1

Height Width
Frequency PAUT
= =w —
of the /"l[;lirl\g/ Hwmetallography | Her/rem HE/;H— Hyy (An/Hw)*100 | Watetallography | Wer/mem | AW WMBF (w/Wn)*[LO0
transducer
M
mm mm mm % mm mm mm %
LW-7.5 MHz 0.57 1.00 043 75 24 46 22 91
PAUT
LW-10 MHz 0.57 090 033 58 24 4.2 1.8 83
LW-5 MHz 057 0.90 033 58 24 4.0 16 67
LW-7.5 MHz | TFM 0.57 0.80 023 40 24 38 14 58
LW-10 MHz 057 070 0.13 23 24 33 0.9 38
LW-5 MHz 057 0.80 023 40 24 38 14 58
LW-7.5 MHz | ATFM 0.57 0.70 0.13 23 24 3.6 1.2 S0
LW-10 MHz 057 0.60 0.03 5 24 29 05 21
SW-10 MHz | PAUT 0.57 0.90 0.33 58 24 40 1.6 67
SW-7.5 MHz 0.57 0.80 023 40 24 36 12 50
TFM
SW-10 MHz 057 0.70 0.13 23 24 32 08 33
From Materials Evaluation, Yel. 78, No. 11: 1223-1238. Copyright © 2020 by The American Society for Nondestructive Testing Ihc.
Reprinted with permission.
Drum welds and.base material:
No signs of HTHA damage in the drum was reported using AUBT and TOFD during inspectior]s of
selected areas at risk. An area of scattered blistering, approximately 0.5 m x 0.5 m (20 in. x 20 in.),[was
detected<yisually during the following internal inspections.
The&sdrum was removed from service and PAUT and FMC/TFM raster and line scans were completed
in\four shell locations (base material) and in two weld locations. No indications for crack-like HTHA

damage was detected in the weld and HAZ. Metallography confirmed FMC/TFM findings that no
crack-like HTHA damage is present in the weld and HAZ.

The 10 MHz, FMC/TFM LL C-scan data analysis revealed widely spread multiple indications of HTHA
damage in the base material. In the south section of the drum the localized blister-like damage occurs
in the base material and HAZ on both side of the welds. The localized nature of HTHA damage in one
area of the south section and through wall distribution is shown in Figure 10-15 (a).

FMC/TFM raster C-scans, through wall thickness (WT) imaging and the analysis determined that
predominantly HTHA damage in plate S1 is confined in less than 50% WT and for plate S2 is limited
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in less than 20% WT. No indications for crack-like HTHA damage was detected in the weld and HAZ.
One coupon containing the weld/HAZ and one coupon containing base material were extracted from
the middle of the scanned area. One mount was prepared for verification of non-damage conditions of
the weld. Metallography confirmed FMC/TFM findings that no crack-like HTHA damage is present in
the weld and HAZ. Base material coupon was raster re-scan using the same FMC/TFM technique.

C-scan overlay of the base material coupon and the cutting plan for preparing of 10 mouths for
metallographic and SEM investigations are shown in Figure 10-15 (b). 3D TFM visualization of the
expected damage along B1/B2 cutting line and through wall distribution of blister-like damage is shown
il Figure 10-15 (C). 1he separation ol some damage observed in each side ol mounts was 1ess than
0.1mm (100pm). It was not possible to avoid ultrasonic interaction and the damage was notdepdqrted
s separate indications. No substantial improvement in the indications reporting is observed when
significantly lower that scanning gain was used for the analysis. An example for optical metallographic
verification of micro and macro blistering is shown in Figure 10-15 (d). Figure 10-15 (e) is shoying
SEM image of voids formation and coalescence at an early stage.

Figure 10-15: Drum south section FMC/TFM imaging and HTHA validation: (a) localized and throygh
wall distribution; (b) base material coupon cutting plan with C-scan overlay;‘(¢)’3D imaging of blistpr-
like damage; (d) optical metallography of linking voids merging into blisters,80X; As-Polished; (¢) SEM

validation of early stage HTHA volumetric damage, ~5,000X; Nital etched.
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Linking voids merging into blisters indicative of HTHA damage
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Voids formation and coalescence along grain boundaries
indicative of HTHA volumetric damage

W

(e) g
Figure 10-15 (a), (c), (d), (¢) from Materials Evaluation, Vol. 78, No. 11: 122 \{t 8. Copyright © 2020 by The American Society
Nondestructive Testing Inc. Repri: h permission.

<
The lower level of HTHA damage detected only in tl&ase material of the north drum section is sh|

in Figure 10-16 (a). The damage appeared as ockey stick” on FMC/TFM raster C-scan im

No indications were observed in a depth, larger than 20%WT. Six sets of reference SDHs that Y
manufactured in the front side of plate are visualized at bottom of TFM images. A picture of visy
observed scattered blistering (dep‘:&;)%\@fnm, length 2-12mm) is shown in Figure 10-16 (b). TFM
scan imaging (B- and D-scans) o damage and a blister-like indication N2-7.1.2 (depth 5.4 1
length 33.5mm) are shown in%gﬂre 10-16 (c). Blister sizing based on 2D TFM multi-view ima

TFM dimensions are due Gvbulging complexity and sharp blistering edges that were not contriby
ince but subsidizing TFM imaging. An example of blister manifestation
s shown in Figure 10-16 (d). SEM photograph revealing the presence of
metallic inclusi d evidence of early stage HTHA damage of void formation and voids coalesc

pwn
age.

Ninety-five percent of the indications were very-shallow and compacted in 5% through wall thicksjess.

vere
ally
line
nmﬂ
bing

suggested 10-20% larger dir®1 1ons compared to measurements using a digital caliper. Reported lqrger

ting
with
on-
Prce
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Figure 10-16: Drum north section FMC/TFM imaging and HTHA validation: (a) raster C-scan imaging
of possible HTHA damage—localized and through wall distribution; (b) visual validation of typical blister
bulging; (c) line scan imaging of possible blistering with sharp crack-like edges; (d) optical metallography

of blistering with sharp crack-like edges, ~50X, As-Polished; (¢) SEM of non-metallic inclusions and
evidence of early stage HTHA damage of void formation and voids coalescence, ~5000X, Nital etched.

Visually observed blisters indicative of HTHA damage
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Blister with edge cracking and microcracking indicative of m

HTHA damage

Presence of non-metallic inclusions and evidence of early stage
HTHA damage of void formation and voids coalescence associated
with the inclusion location ahead of the blister edges

From Materials Evaluation, Vol. 78, No. 11: 1223-1238. Copyright © 2020 by The American Society for Nondestructive Testing Inc.
Reprinted with permission.
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It was validated that reliable detection, characterization, and sizing of in-service induced, localized, and
complex HTHA damage can be achieved when multiple FMC/TFM/ATFM, L-L and T-T paths, and
PAUT sectorial scan high frequency techniques are utilized.

10.1.5 Conclusions

This application has confirmed that optimized high frequency FMC/TFM and FMC/ATFM techniques
are more reliable and offer some advantages over PAUT and TOFD for HTHA inspection:

from all elements of the array.
(b) Improved characterization as a result of the enhanced spatial resolution,€.¢., the ability to

resolution, HTHA damage will be imaged better (without large arcs) and-can be resolved.

(c) Enhanced sizing resolution and more accurate sizing of HTHA clustéred volumetric, bljster
and crack-like indications because all points or pixels defined By high resolution grid within
the ROI can be focused during the imaging process using TFM.

(d) Applying more effective ultrasonic techniques for detection, characterization, and siging
HTHA in early stages could improve confidence of Fitnéss for Service assessment. Danhage
growth could be monitored as a short-term mitigation strategy using frequent peripdic
inspections until the equipment is replaced.

The use of FMC/TFM and FMC/ATFM as primary techniques for more reliable early stage HTHA

inspection is recommended. PAUT is recommended as backup for the primary techniques. TOFD is

recommended only as secondary and screening technique since the dead zones and characterizdtion
limitations. [33] —[50]

10.2 FMC/TFM Based Inspection of Small-Diameter Components for FAC Damage

10.2.1 Summary

This section describes an FME/FFM based inspection system developed for inspection of the welded
joints of small diameter Afittings for Flow Accelerated Corrosion (FAC). Unique aspects of|this
application include:

Use of Immersion mode
[mplementation of\a 2 iteration TFM beamformer
[nspection of complex geometries

10.2.2 Bac¢kground

The €ANDU reactor design consists of a single large calandria vessel containing a heavy water
moderator and mechanisms for react1V1ty control and shutdown The vessel is horlzontally 0r1ented and

anywhere frorn 370 to 480 channels w1th1n the calandrla Each channel acts asa separate pressure Vessel
containing the fuel bundles. Heavy water coolant is delivered from the inlet header to the fuel channel
and returned to the outlet header by a network of tubes, collectively referred to as feeder pipes. The
reactor design permits online refueling of the reactor at the cost of increased Primary Heat Transport
piping network complexity. Figure 10-17 depicts the Primary Heat Transport piping arrangement for
CANDU reactors.
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Figure 10-17: Primary Heat Transport piping arrangement between the steam generators and the fuel
channels

-
Calandria Vessel

Image Courtesy of Ontario Power Generation, Inc. S %

S

10.2.3 Feeder Pipes

[n most CANDU designs, the feeder pipes are ASME SA106€§6 B or SA105 material carbon s
The feeder pipes range from 4-inch nominal pipe size (NP 1’2 inch NPS. The length of the fe
pipes varies from 6 meters to over 30 meters. The diam f the feeder pipes is varied to achievq
required flow rate while considering the pressure reduction induced by friction losses. Routing o

Fuel Channel End Fittings

and constrained access options, such as shown in-Figure 10-18.
A\

10.2.4 Degradation Mechanism \O

teel.
eder

the
" the

feeder pipes to their respective locations on the reaces} face results in a range of nested configurations

Figure 10-18: Example @b’wing the typical congestion of the feeder pipes
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Radiolysis of the heavy water coolant as it passes through the reactor core produces atomic oxygen and
deuterium radicals. Some radicals recombine to form D,O (heavy water), but a portion stays in solution
and presents a corrosion potential within the coolant. The heavy water, after having been heated by the
fuel bundles and exiting the fuel channels, is unsaturated with iron oxide species. The oxygen radicals
oxidize the interior surface of the feeder pipe; the sub-saturation of iron oxide promotes dissolution of
the surface oxide layer into the flow. The flow rate unique to each channel enhances the transport of
the iron oxide into the flow. As the flow absorbs iron oxide, it becomes saturated and reduces the

oxide decreases, causing it to precipitate out of solution as magnetite. The cooled, saturated soluti
then pumped to the reactor where heat transferred from the fuel bundles re-establishe$. the pub-
saturation state in the heavy water.

[nitially, it was believed the only area of concern for FAC attack was the extrados of the [first
bend/elbow due to flow impingement. Subsequent inspections encompassing the éntire feeder hend
identified high thinning rates at the entry to the intrados. This condition is partially explained b{the
presence of an adverse pressure gradient in the flow at the intrados, causing s¢paration of the flow from
the interior surface. Also discovered was a thinning trend at the beginning of the bend inspection.|The
design of the bend inspection tooling obstructs access to the region betw&ei'scan start and the Graylpc®
weld. An inspection tool was developed to examine this region. Results of these inspections confired
the thinning trends in the intrados region and within the first 15 mim of the parent material adjacen} the
downstream weld toe. In some instances, the thinning exhibited trends extending under the weld| cap
material. Thinning artefacts are found adjacent the weld roet.on the downstream side of the fitting yeld
in Figure 10-19.

Figure 10-19: Example of FAC adjacent to the downstream weld toe

SR
PR
Image Courtesy of Ontario Power Generation, Inc.

10.2.5."Component Description

AS described previously, the feeder material is either ASME SA106 grade B extruded pipe bent tq the
appropriate geometry or SAI05 material hot-formed 1nto Titings that are subsequently welded with
other fittings into the required geometry. Deformation during bending process creates a variety of
surface profiles cross sections including egg shaped, oval, cloverleaf, and occasionally circular. The
outlet feeders are either 2 or 2'4-inch schedule 80 NPS where FAC damage has been found. The feeder
pipes terminate at the fuel channel and end with a Grayloc® fitting sized to the pipe diameter. The
surface finish is as formed with the presence of ferrous oxide on the outlet feeders due to high
temperature operation.
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Welds to the Grayloc® hub are formed using automated GMAW methods. The weld prep is either Vee
or U groove geometry, depending on station-to-station design differences. The weld caps produced by
automated equipment tend to be smooth and are as formed. Welds between fittings are formed via
manual SMAW techniques and may have multiple passes in the cap region. The weld caps on the
manual welds have more pronounced ripples and higher cap heights relative to the automated welds.

The geometry of the feeder pipe joints is a function of their location on the reactor face to accommodate
nesting of the feeder runs. Figure 11-20 shows the inspection areas for a typical feeder geometry. The
permutations of pipe diameter, take-off angle, sweep angle, radius of bend, and compound bend
ConTiguration create a Nost 01 possibIc contigurations; as a result, focation specitic tooling is impractical
to deploy.

10.2.6 Inspection Specification Requirements

The Inspection Specification was originally developed to address widespread FAC/in’the extradgs of
the bends. As inspection results identified thinning in unanticipated regions, the Inspedtion
Specification was extended to include these regions, often without modification. This extension hadl the
unintended consequence that inspection requirements achievable in one.region of the feeder yere
inappropriate to the task in another region. A specification for inspecting-a region of gradual thinhing
was applied to regions containing abrupt geometry changes and highly¥localized thinning, see Figure
10-20. Lastly, the Inspection Specification was developed under the assumption that normal beam
based technologies would be applied for the inspection. This assumiption incorporates requirements|that
are germane to normal beam technologies but are not otherwise relevant to the measurement itsel

On its face, the concept of ‘thickness’ is intuitive. It is commonly understood to be the distance between
two parallel, or nearly parallel, surfaces. The measurement reference is the local normal to| the
inspection surface. However, in context of the inspection specification applied to highly locallized
thinning while accommodating fitting and weld\cap geometry changes, a thickness measurement
relative to the normal is no longer meaningful:'A generic definition for thickness was adopted a§ the
distance between two surfaces regardless of the direction. This subtle change in definition has impoftant
consequences for the inspection technology:

One requirement from the Inspection.Specification necessitates reporting coverage of not less thap 90
percent of the inspection region. This'requirement includes thickness measurements for material upder
the weld cap. As many UT practitioners are aware, inspection of material thickness through ar] as-
formed weld cap is likely to(Iéad to poor performance and inadequate results.

Other Inspection Specification requirements were difficult to implement, such as measuring a thickhess
variation greater thap~0:06 mm from an adjacent location. This requirement is highly problematic in
regions containingweld cap surfaces. Even relatively modest weld caps display thickness variatiqn of
at least 1 mm in-a* very short lateral displacement in either axial or circumferential directions. [Chis
requirement-alone defined the need to provide a continuous surface profile throughout the inspedtion
region.
The aceuracy and precision of the derived measurement stipulated by the Inspection Specificatign is
+/- 006 mm and +/- 0.03 mm, respectively. At these levels, fine surface features such as interior surfface
scalloping contribute to the measurement. The thickness measurement must also be reproducible.
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10.2.7 Complicating Factors

Figure 10-20: Inspection regions for welded fitting feeder configurations

Image)Courtesy of Ontario Power Generation, Inc.

Several factors complicate thérequired inspection.

installed in front of th¢ teactor face. The location is recessed from the reactor face some 50 cm|
inches). A radiation shielding canopy is placed between the operator and the reactor face, which fui
increases the reachhdistance (see Figure 10-22). Reaching into the inspection location results in {
ergonomic positioning of the operator.

Work Location—the operdtor”is required to access the inspection location from a mobile platform

(19
ther
hoOor

Nesting.ofithe pipe runs combined with the number of possible geometries creates obstructions thaf are

poften.Jocdtion specific. Portions of the inspection region can be accessed in one configuration bu
in_another. Access is obtained reaching into an aperture between four adjacent end fitting struc

act of accessing the location obstructs line of sight to the location.

not
res.
The

Operator mobility, dexterity, and visual capability is impaired by PPE (see Figure 10-21). Multiple

protective layers must be worn, including layers of gloves, all of which reduce range of motion
eliminate tactile sensation.
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Figure 10-21: Platform Operator clad in PPE at the Reactor Face work location. The radiation shielding
canopy is absent in this view.

Imag Courtesy of Ontario Power Genr ,

Geometry as found As noted previously, there are multiple <1%ue geometries that are part of the fe
pipe designs. The variations are further compounde&\by manufacturing tolerances, as-instg

increase the range of inspection geometry which i complicates the inspection task.

Figure 10-22: A view of the reactor fa’c@vork platform with a shield canopy installed

deviations, and changes in positioning brought owaging and plant operation. These variations

eder
lled

S MO 1O X O
Image Courtesy of Ontario Power Generation, Inc.

1
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10.2.8 Overview

Ontario Power Generation (OPG) has developed a unique approach to the inspection problem.
OPG approach combines FMC data acquisition principles, conducted in immersion mode, with a

The
two

stage iterative TFM beamformer. For the sake of brevity, this variant of FMC/TFM is referred to as the

‘Matrix Inspection Technique’ or MIT.

10.2.9 Separation of Tasks

weld FAC application, OPG intentionally segregated the two processes so one group of inspectors’s

ecder

buld

focus attention on the data acquisition task while another group addressed the analysis task, Separdting
the tasks is a strategy that is applied to other aspects of feeder inspection and is therefore!Consigtent
with conventional practice.
The choice to develop an immersion approach was based on Operating Experience (OPEX) with qther
inspection tools. Contact testing is problematic for feeder inspection. Immersion testing has ¢lear
benefits and limitations; however, for FMC applied to rapidly changing intetface surface geometfies,
the benefits obtained via immersion outweigh the drawbacks.
10.2.10 Training
Training for feeder weld MIT is divided based upon function. The functions include Platform Opertor,
A cquisition Operator, Analysis Operator and Maintenance TeChnician. Training requirements are listed
in hours in Table 10-9.
Table 10-9: Training Requirements
Task
Training Platform Acquisition Analysis Maintenancg
Environment Operator Operator Operator Technician
Classroom 11 25 30 20
Practical 25 50 45 35
Check out & 4 5 5 5
Practical Eval.
Total 40 80 80 60
NDT No Yes — Level II Yes — Level II Yes — Level I
Certification UT UT UT
Required

Courtesy of Ontario Power Generation, Inc.

The classroem material addresses the following:

Systemy/cemponent description
Degradation mechanisms

[nspection Specification

Solutions based on established technologies

FMC and TFM principles

System hardware and software

Applicable procedure

Calibration, records, and quality metrics

Troubleshooting

The practical component of the training addresses the following:

Hardware (if any)
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Software

Procedure steps and required forms

Calibrations, bench top exercises, and mock-up based exercises where applicable
Troubleshooting tasks

10.2.11 Equipment

The following instruments and devices are required to conduct the inspection:
Data acquisition instrument—Peak NDT, MicroPulse 5 PA or FMC;: see Figure 10-24.

[nstrumentation interface—Custom developed Vault Interface Module (VIM)
Transducer—Imasonic, custom developed 128 element, 7.5 MHz, 0.27 mm pitch linear array; %&;)1
10-26

Manipulators—application specific for 2 and 2 inch NPS fittings; see Figure 10-23 aneéagure 10
Calibration blocks—application specific for 2 and 2% inch NPS fittings; see Figure 8.

bure

25.

Ancillary equipment—couplant pump, reservoir, IP switch, video cameras, addre e power bar.
Figure 10-23: (right) Instrument cart with MicroPulse and Figure 10-24: Manipulator for 21/2
Vault Interface Module (manipulator and peripheral inc$~ fittings installed on a
electronics module), (left) couplant reservoir and calibration g\ mock-up.

stand. @)

e
Image Cour@of Ontario Power Generation, Inc. Image Courtesy of Ontario Power Generati
Inc.
Figure 10-2@nipulator for 2 inch NPS Figure 10-26: Transducer for both 2 and 21/2 NJ
Q. fittings sized manipulators. The transducer fires
@) tangentially to the inspection surface with the

sound redirected via a mirror.

n,

PS

Image Courtesy of Ontario Power Generation, Inc. Image Courtesy of Ontario Power Generation, Inc.
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10.2.12 Software

Staff at Ontario Power Generation developed Neovision®, a software suite to perform both the
acquisition and analysis tasks. The software is designed to present FMC UT data in a familiar and
recognizable configuration while incorporating all essential features of conventional UT data
acquisition. Several unique features have been introduced such as a floating interface gate and pre-
trlgger acqulsltlon The ﬂoatmg gate prov1des visual cues of the 1nspect10n geometry, enabhng easy

on for

o observe conditions such as air bubbles on the 1nterface and transducer interface mlsahgﬁ{ .|The
tility found in Figure 10-27 (left) enables the user to view any transmit/receive conﬁ
FMC matrix.

10n i1} the

— —

Imakpj Courtesy of Ontario Power Generation, Inc.
10.2.13 Calibration C)O
Cl‘fgure 10-28: Example of the custom calibration block

Image Courtesy of Ontario Power Generation, Inc.

234


https://asmenormdoc.com/api2/?name=ASME PTB-15 2023.pdf

ASME PTB-15-2023: FULL MATRIX CAPTURE TRAINING MANUAL

Calibration is performed at the beginning of the inspection campaign on all manipulator-transd
combinations on the inspection instrument. Parameters unique to each combination are recorded

ucer
toa

configuration file and are applied during the inspection activities. The calibration occurs in the
radiological work areca away from the inspection location where there are lower production pressures,
lower radiation background, and working conditions more conducive to the detailed nature of the
calibration task. At the inspection location, the calibration is verified at the beginning and end of the
shift, every four hours, and upon change of equipment or Acquisition Operator. The calibration is
considered valid provided key amplitude, linearity, accuracy, and repeatability criteria for the system

v
Kilrv IIIve.

which the manipulator is installed. Calibration verification checks a series of parameters inclu
manipulator positioning accuracy, and temperature sensor response. The calibration yerification
highly automated process that generates a report, the results of which are reviewed by a qual
situation is addressed by Acquisition Operator is conjunction with the ingpection supervisor.

10.2.14 Data Acquisition Process

inspection region with the seals above and below the region{/A“multi-element 1D transducer, ax

feeder inspected. The tangential beam is intercepted by an-articulated acoustic mirror that redirect
beam to the inspection surface. The mirror is drivendd-optimize the amplitude of the interface si
obtained in a user defined window taken on the fitting' material immediately adjacent the weld toe.

extrados and intrados of the torus. In all ‘'ether areas the surfaces are not parallel. Consequently
plane of the UT beam would intersect the inspection surface at an angle.

FEigure 10-29: Manipulator arms

The calibration verification is conducted on a custom calibration block that is mounted on arstarid to

ling

transducer delay, system time base linearity, system amplitude response, time corrected~gain cuigves,

isa
fied

Acquisition operator. If the calibration verification fails for any reason, the opefator applies corredtive
Action and re-attempts the calibration. If a calibration verification cannot be§uccessfully obtained| the

Data are acquired in immersion mode; the manipulator is pdsitioned encompassing the degired

ally

oriented, transmitting tangentially to the inspection surface.is indexed circumferentially around the

the
pnal
[his

arrangement is necessary because the manipulatébiracks a cylindrical path whereas the region inspefcted
is essentially a section of a torus. The areas where the cylinder and the torus are parallel occur on the

the

Image Courtesy of Ontario Power Generation, Inc.
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When the interface signal in the region of interest has been optimized, the system acquires the FMC
data frame for the region and then increments to the next location. The process repeats until the full
circumference of the fitting joint has been inspected. The system acquires data with a step size of 0.5
mm. Coverage of the 245 mm circumference results in more than 500 FMC frames and a file
approximately 6.5 Gigabyte for the 2V inch feeder. Inspection of the 195 mm circumference results in
400 FMC frames and a file size of 5 Gigabyte for the 2 inch feeder. Scan times for the 2% inch fittings
are on the order of 9 minutes and 7 minutes for the 2 inch size.

102 15 Rocording
IO T

TCCCoTUTIN G

The gain is set such that the interface signal from the parent material surface is 6 to 8 dB beyond
saturation. This level of gain will typically result in an interior surface response in the range of |0 —
15% FSH. Experience has shown this gain setting is adequate to image the interior volume undef the
extremes of geometry encountered with welds and parent material. The entire FMC data set is retaiped.
This choice was made to ensure full auditability of the inspection as well as keeping the option ¢pen
for re-processing the data should new algorithms become available. Retaining'the data set is ugeful
from the perspective of providing the ability to investigate potential sources‘of artifacts generatdd in
the TFM result.

10.2.16 Data Acquisition Procedure

The data acquisition instrumentation and associated peripheralsyare located in the reactor vault pn a
work platform installed on the fueling machine bridge. The ‘instrument, manipulator, and periph¢rals
are controlled by the Acquisition Operator from a remote-trailer located outside the station building.
The Acquisition Operator is responsible for setting the, order of inspections, monitoring the UT |data
quality, recording the results for inspection activiti¢s and calibration verification tasks. The Platform
Operator, located at the inspection work location, i8 responsible for identifying the inspection location,
preparing the location for inspection activities;ifistallation and removal of the inspection tooling,|and
monitoring the tooling for the duration of the.inspection. The Acquisition Operator observes the genjeral
inspection work location via a series of, cameras and video monitors. The Platform and Acquis{tion
Operator communicate over headsets..This strategy is consistent with other feeder inspection sysfems
and does not impose any unique burden.

The Acquisition Operator inforims the Platform Operator of the location to be inspected. The Platform
Operator identifies the appropriate location on the reactor face. The location is independently verified.
The work platform is positioned to permit access to the identified location. The Platform Operator then
examines the inspectidnlocation and, if accessible, prepares it for inspection by cleaning it of]any
debris. Any unusual-constraints or clearance issues are reported to the Acquisition Operator. |The
Platform Operatorthen installs the manipulator over the intended inspection region. Cables are logped
over the adjacent end fitting structure to reduce manipulator cable loads.

The Acquisition Operator then activates the couplant supply, initiates set-up, and monitors the interfface
signal. The Acquisition and Platform Operators work cooperatively to correct any couplant related UT
issyesiThe Platform Operator optimizes the interface signal adjacent the weld toe and then initiafes a
coarse resolution test scan. The test scan is used to assess the correct positioning of the manipulator
over the Imspection region and diSCoVer potentiat {SSUES SUCH a3 ObSITUCHON, Water COIUMI [evet, or air
entrapment prior to committing to a full scan. Any issues identified in the test scan are corrected before
the full scan is attempted.
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Following the acquisition of a full scan, the Acquisition Operator evaluates the scan against several
quality metrics and records the result in an inspection record—see Figure 10-30 and Figure 10-31. The
file is saved and transferred for analysis. The inspection task then addresses the next inspection location.

Figure 10-30:Example of a typical inspection record
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Figure 10-31: Example of a typical inspection record (cont.)
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C) ¢ Image Courtesy of Ontario Power Generation, Inc.

10.2.17 Data An is Process

interface ce, see Figure 10-32. Key factors are optimization of the sub-aperture based on water
path to the interface, correction for temperature-based velocity changes in the water path|and
el E of the contributing aperture based on maximum amplitude obtained for the pixel evaluated.

Data ana@ﬁ‘conducted using an iterative approach. The first step is to create a TFM image of the

A age formation is conducted using the direct L-L wave mode.

Figure 10-32: TFM image of the Outside Diameter (OD) surface

Image Courtesy of Ontario Power Generation, Inc.
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The next step is to define the coordinates of the interface surface via a suitable edge detection method.
A conventional approach would be to select the peak amplitude within the signal envelope attributed
to the interface response. In this application, we apply a first order gradient-based technique known as
the Canny edge detector. The Canny detector is stable and robust with respect to variation in envelope
amplitude and to lesser degree, modulation; see Figure 10-33. Other edge detection strategies may be
applied depending upon their suitability to the particular task. In this application, the location of the
1nterface is measured to +/- 0.01 mm. A review of field data and laboratory test suggests further

ramanttatha racalitl v banaociible—matantiallrta-battar thon 5 haswavar thic hoc not
Hprevertent-to-the-resoluttorfray-be-posstblepetentinlyto-betterthar S hewever—thisheay no

been pursued at this time.

Figure 10-33: Image showing the trace outline to define the OD surface

Image Courtesy of Ontario Power Generation, Inc.

When the coordinates of the interface surface have been determined, a second iteration of the TFM
beamformer is applied. This iteration of the TFM beamformer employs the Fermat principle to
determine transit time to the pixels in the imaging region rather than the more conventional Sngll’s
[Law. The Fermat principal results in a solution that is freg from derivative based error and perits
interpolation between points that have been explicitly sélved. The TFM image of the interior volpme
is formed, and an enhanced resolution method is used.t0 speed the image formation, beginning wjth a
coarse resolution image, refining the resolution as amplitude of a suspect region increase and matclp the
envelope for a valid reflector; see Figure 10-34> Time is not invested enhancing discrete spedkles
applying this approach.

Figure 10-34:"The TFM image of the interior

QN
s - i 3 > T SN 8" § T ey _ _
Image Courtesy of Ontario Power Generation, Inc.

in the'same way as is done for the interface surface. However, the algorithm parameters have been
altered to suit the characteristics of the interior waveform envelope; see Figure 10-35. It must be pointed
out the Canny detector has been implemented to reject isolated bodies but rather to detect the continuous
surface of the inspection zone ID. Transducer parameters and algorithm parameters must be linked
through calibration. Parameter selection has been performed and verified during the development of
the system. The resolution of the Canny detection algorithm has been set to 0.025 mm, that in
combination with the interface resolution provides an overall measurement resolution of 0.03 mm.

A secondapplication of the Canny edge detector defines the coordinates or the interior surface l[ElCh
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Figure 10-35: Plotting of the ID interface
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Image Courtesy of Ontario Power Generation, Inc. ({/b
For each TFM interface—interior volume coordinate pair, the minimum distance betwee ﬂ%»gmter
surface coordinates and the ID surface coordinates is evaluated and plotted, and the minimium thick]
for that frame is identified; see Figure 10-36. This process is repeated for every Fl\@'frame acqu
The interface and ID surface coordinates are plotted relative to the manipulator (@mferential axi
all frames processed creating a 3D image of the inspection surfaces, a typic% mple is providg
Figure 10-37.

Figure 10-36: Evaluation revealing the minimum c?@ness
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Im@bourtesy of Ontario Power Generation, Inc.

Figure 10@.\ l;lotting of the ID and OD interface in a 3D model
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Image Courtesy of Ontario Power Generation, Inc.
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10.2.18 Data Analysis Procedure
Data analysis begins immediately after the FMC data file has been uploaded to the analysis server. The
TFM algorithm executes with the default set of analysis parameters.

The Analysis Operators will retrieve the following from the server:

FMC data file
Inspection Record
Calibration (verification) file

TIToTatrorr Lo TorT

The calibration file is checked for validity, the Analysis Operators will then review the FMCcdat{ file
to make independent assessments of data quality and coverage metrics. Should the data quality.not meet
required standards, the analysis operators may call for a rescan of the affected component{The rationale
for this function is to provide a QA check to the data obtained during the inspection ‘eampaign|and
enforce the process of reviewing the raw data as an input to analysis process. The(Analysis Opergtors
will also make notations of features and key metrics related to the scan. An Analysis Record is created
to organize these notations. The information is used for plotting absolute posifion of the scan as wdll as
potential adjustment to analysis parameters area of particular interest. Analysis parameters cap be
altered globally or isolated to a series of frames or even a region withinta-frame. Typically, this wi]l be
done to isolate and enhance a region of suspected minimum thickness. The Analysis Operators apply
the revised parameters to applicable frames in the calibration block file to assess the effect of the
parameters and confirm there is no adverse effect on measurenient accuracy.

The next step in the analysis procedure is to retrieve the processed result. The Analysis Operators|will
page through the processed frames coordinated with the ‘€orresponding raw UT frame. The purpoge of
this step is to evaluate the frame result for congruency<with the UT data and the trend in immedigtely
adjacent frames. The Analysis Operator checks for potential missed minimum thickness regions as well
as instances where the edge detector incorrectly identified a minimum reading. The Analysis Opetator
has various options to correct these conditions.\The Operator can reprocess a series of affected frafnes,
re-deploy the edge detector to a more narrowly defined region or trim the affected frame.

When the Analysis Operator has completed assessment of the TFM results, the analysis record form
and results record form are complefed. The modified TFM result is uploaded to the server along with
clectronic copies of the associated records. The results from two separate streams of analysiy are
compared for consistency ofitesult. Discrepancies exceeding a prescribed threshold are sent tq the
Resolution Analyst for further assessment.

10.2.19 Results

The MIT process is‘Capable of acquiring and generating the exterior and interior profiles of the fitfing-
to-fitting welds'through a range of variable geometry in the fitting to fitting welds. Inspection thrqugh
as formed-weld caps to observe the interior volume has been achieved. In some instances, mlinor
inclusions’in the weld volume have been noted; see Figure 10-38. These inclusions have been verlfied
on radiographs performed at the time of fabrication.
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Figure 10-38: Minor inclusion from fabrication welding
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Image Courtesy of Ontario Power Generation, Inc.

[nspection results are linear in the lateral direction (along the inspection surface) and transy
direction (distance normal to the transducer face). The result is an accutrate’ representation of
inspection geometry that is easily interpreted. Figure 10-39 is the result ifvthe cheek region of a fi
to fitting weld. The FAC erosion pattern is observed under the weld cap with steps correspondin
the fusion lines of the weld preparation. A similar pattern is observed in a section of an ex-ser
feeder pipe, see Figure 10-40.

Figure 10-39: Image(s) result in an accurate visualization of the component

Image'Courtesy of Ontario Power Generation, Inc.

left in this image.
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Figure 10-40: Section of an ex-service feeder demonstrating step erosion at the weld root. Flow is right to

Image Courtesy of Ontario Power Generation, Inc.
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10.2.20 Discussion

The MIT technique provides a robust capability to resolve rapidly changing surfaces located beyond an
arbitrary interface geometry. Figure 10-41 shows the results for a test sample where highly localized
changes in thickness were introduced immediately adjacent a convex weld root.

Figure 10-41: Example of the MIT result for a case where both the exterior and interior surfaces are
independently and rapidly changing in profile. The hub is on the right, weld center and intrados of the

fitting-is-on-theJeft-of-the-image:

i Y

Image Courtesy of Ontario Power Generation, Inc.

The MIT concept was initially proposed in 2007 and develeped over a 20-month period spanning 2008
to 2010. The system was first applied in the spring of 2010 and has been deployed more than 12 tjmes
in subsequent outages. The MIT system has been patented in several jurisdictions around the globe.
[ncremental improvements have been introduced\to reduce inspection and analysis times. Cufrent
inspection times are on par with the time requiréd using convention inspection tools. Inspection fime
savings are not a motivating factor to use this téchnology. The inspection manipulator can operate vith
minimal intervention by the Platform ©perator compared to conventional methods. Redyiced
intervention in turn saves operator radiation exposure, increasing the number of locations the opetator
can inspect while decreasing the net dose for the inspection campaign. As with many immersion-bhsed
systems, reductions in data quality are invariably associated with air bubble formation on the inspedtion
surface or transducer surfage."The Acquisition Operators must be vigilant to these conditions|and
intervene to remove the accumulated air before scan quality is impaired. Scan data containing excegsive
air bubble artifacts invariably reduces the quality of the TFM result. Poor results in turn require tjme-
consuming intervention by the Analysis Operators to correct and reprocess the affected framgs to
improve result quality. If air bubbles in a frame are too prominent, it is likely that no amourt of
correction can'ecover a useful result from the frame. In this case, the affected region is not inspegted.

Figure 10-42-through Figure 10-45 are 3D representations of the feeder weld joint color coded for
thickness. “These plots can be exported for 3D printing reproducing the true inspection geomgtry.
Furthermore, the same plots can be exported for FEA analysis. The profiles and 3D reconstructions
represent a leap forward in inspection technology. The ability to map exterior and interior profiles
o o i L ol . inine—rates dular
location. A less conservative, more realistic value for thinning rate can be assigned increasing
component longevity, thereby reducing the costs linked to premature component replacement. The 3D
reconstructions can be exported in point cloud format to support Finite Element Analysis (FEA). FEA
stress analysis provides a more accurate assessment to justify Fitness For Service in critical
applications.

243


https://asmenormdoc.com/api2/?name=ASME PTB-15 2023.pdf

ASME PTB-15-2023: FULL MATRIX CAPTURE TRAINING MANUAL

Figure 10-42: 3D image of a fitting-to-
fitting weld color coded for thickness. Figure 10-43: 3D image of a 21/2 inch fitting to fitting
Note the areas in black are outside the weld color coded for thickness.

range of color coding for thickness.

Image Courtesy of Ontario Power Generation, Inc. Image Couttesy of Ontario Power Generation, Inc.
Figure 10-44: Color-coded 3D Figure 10-45: Rotation of the 3D model
representation of a 2 inch feeder fitting to N\

fitting joint.

Image Courtesy of Ontario Power Generation, Inc.

Image Courtesy of Ontario Power Generation, Inc.
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Consider the result presented in Figure 10-46. The image on the left is a 3D reconstruction of an
inspection location in the field that is colored in monotone grey and illuminated by a virtual light source.
Visible are the weld pool ripple, the texture of the forged fitting on one side of the weld, and the smooth
machined surface of the hub on the other side of the weld. This photo-realistic result compares favorably
with a photograph of an ex-service sample taken in a laboratory setting. The missing line in the result
represents a single failed frame, underscoring the data density of the result. The photo-realistic result
is anecdotal evidence of the accuracy and resolution of the MIT process. However, the features in the
result can be used in the following manner. Applying image analysis algorithms, a series of features
t ; t v, i etCE biee wersmmvivane actear ACSC—TreatufreS—Can—ocuSco as—a—fie i be
identified in future repeat inspections. The fingerprints can be compared to verify the correet Object
was inspected and more significantly as benchmarks to register the historical scan to future séan fesults.
This would enable precise point for point comparison of inspection locations across two different sdans.
For some applications, this capability alone may be sufficient justification to deploy the MIT
technology.

k)

Figure 10-46: Grey scale 3D model vs an actual photo of the compaénent

Image Courtesy of Ontario Power Generation, Inc.

Figure 10-47 depiets a series of sequential TFM images of the weld cap interface. The individual
segments of ripple peaks and troughs can be observed to build in and recede in the series of fraes.
Ability to resolve the weld cap peaks and troughs is essential to define the sound path through the yeld
cap, a prerequisite to successful volumetric imaging within the weld material.

245


https://asmenormdoc.com/api2/?name=ASME PTB-15 2023.pdf

ASME PTB-15-2023: FULL MATRIX CAPTURE TRAINING MANUAL

Figure 10-47: OD imaged profiles vs the actual component
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Image Courtesy of Ontario Power Generation, Inc.

10.2.21 Further Developments

arious enhancements to the TFM beamforming strategy have beenéxplored. One such enhancerpent
s a 3rd iteration of TFM beamformer. The interior surface of-the sample is considered and the path
reflecting back into the inspection volume is solved. The moditication is intended to image the cqrner
rap reflector which is a characteristic of the defects opento-the interior surface. The implementdtion
solves for L wave, mode conversion and S wave signals. Tnitial results with EDM notches in referg¢nce
blocks have been encouraging however, implementation on ex-service samples has not beeh as
successful. Application of a 3rd iteration of TFM requires all error and uncertainty to be controlldd to

ithin a narrow margin across the surfaces-thtough which the paths are calculated. The imaging
performance is sensitive to the texture of the interior surface with smooth surfaces providing impr¢ved
quality. Further development of this capability has not been pursued, as inspection for surface breaking
defects is not required for the current.application.

Another development that has been explored is the application of a material model in the TFM
beamformer. Model based TFM.imaging would be useful for the volumetric inspection of anisotrppic
material such as Austenitic weld material.

An application was developed for the inspection of 304 stainless steel weldments with 308L weld
material. In this case,-a.macrograph of a weld fabricated with 308L fill material was used to cregte a
model of the grain.otientation within the weld material. The regions in the model corresponding t¢ the
orains were assigned group and phase velocities for the L wave mode. Transit times and orientaffions

ere solved by-applying the group and phase velocity such that the minimum transit time between
adjacent grain’' boundaries were determined. FMC data arrays were acquired using 3, 5, and 7.5 MHz
linear arrays. The data sets were processed with the modified TFM code. Results obtained with the 3
MHztransducer demonstrated marked improvement in resolution of implanted defects, whereas the 5
MHz/data sets yielded only modest improvements. The 7.5 MHz data sets did not yield discerrjible

...... ad ANMciaq o

10.2.22 Conclusions

A unique combination of FMC in immersion mode with iterative application of TFM has been
developed and deployed for inspection use. This system, MIT, has provided unique capabilities that are
inaccessible to contact modes of FMC/TFM.

The system is capable of inspection through as formed weld caps and can accommodate a wide range
of rapidly changing geometries on both the interface surface and the interior. The results are graphics
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that are easily interpreted by a layman. The MIT technology yields potential for input to FEA tasks in
addition to imaging features that can be used as benchmarks for aligning repeat scans.

Extension to a 3rd iteration of the TFM beamformer have been introduced and holds potential to provide
volumetric imaging bounded by complex geometries. Similarly, initial development work into
application of TFM for anisotropic media has been conducted and the results have demonstrated
potential for further development.

10.3 Crack Growth Monitoring with PAUT and TFM

10.3.1 Introduction

Standard laboratory fatigue tests typically require monitoring of the crack height at various intervalls to
obtain an engineering relationship between applied loading and the rate at which the crack propagtes.
This allows calculation of the fatigue crack growth rate, which can be used in engin¢ering assessijents
to predict the remaining service life of high-consequence, cyclically loaded stru€tures such as crgnes,
bridges, aircraft wing spars, power generation turbines, etc. Crack growth rate,can be material- and/or
and geometry-dependent, and thus can require some sophistication in monitoring crack size particularly
at low crack growth rates or where environmental factors (i.e., corrosion)-influence fatigue properties.

Conventional laboratory practice for monitoring crack size during fatigue testing involves the uge of
instrumentation such as clip gages, cameras, electric-potential drop (EPD) sensors, etc. While they have
high sensitivity and resolution, these types of instruments usually measure an indirect property [as a
function of crack size rather than the crack itself. For exaniple, a clip gage measures a change in
compliance or stiffness of a test sample as the crack propagates. EPD sensors measure a change in the
clectric resistance during cracking and reduce the cress-sectional area of the specimen as a Jow-
amperage electric current passes through the non-crdcked portions. Cameras are useful for measuring
crack height in thin materials but are far less accurate in quantifying crack height in thicker secﬁons
due to increased tendencies for crack tunneling;\€onsequently, while these techniques have been widely
used in fatigue testing, they require careful, setup, calibration and, in some cases, complicated |[data
analysis to generate crack size information” EWI has evaluated the feasibility of using advanced NDE
methods as an alternative approach for.crack height measurement to simplify the process and ggther
better information about the nature_of the crack during propagation (i.e., detect non-planar gropwth,
tunneling, etc.).

10.3.2 Approach

The test setup used a-50-kip servo-hydraulic test frame, a FlexTest GT Controller Version 3.5C 1815
to apply and contrgl'the cyclic loads, and an MTS 5 mm clip gage Model 632.02F-21 to monitor cfack
height using compliance methods on a standard, single-edge notched bend (SENB) fracture toughhess
specimen with@ starter notch per ASTM E1820.

Figure 10=48 illustrates the typical SENB rectangular geometry with a machined notch and fatjgue
crack that emanates from the notch bottom. As part of the conventional specimen preparation] for
fracture toughness tests, a fatigue crack is grown to a prescribed height from the starter ngtch.
Menitoring the crack height is done using a clip gage under standard practice.

In our study, the initiation and growth of a fatigue crack was monitored by three different ultrasonic
testing (UT) methods along with the conventional clip-gage method. For most SENB specimens, the
final height of the fatigue crack at the completion of the cyclic loading is 3.0 mm — 5.0 mm (0.12 in. -
0.20 in.). However, in this program, the crack was grown to more than 25 mm (1.0 in.) to
comprehensively assess UT techniques for monitoring crack growth over an extended period of time
and for much longer fatigue cracks.

The SENB test specimen was 300mm long, 40mm wide, and 45.9mm high. The notch, 11.2mm deep,
was generated by electro-discharge machining (EDM) with a width of 1mm (Figure 10-49). The
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recorded test parameters during the cyclic loading included number of load cycles, maximum applied
load (to permit calculation of applied stress intensity factor) and crack height as predicted by
compliance methods using the clip gage measurements. (See ASTM E1820 for more information about
these parameters and how they are measured or calculated).

The cyclic loads were applied under three-point bending with the loading concentrated at the root of
the notch. Figure 10-49 shows the three-point bend rig where the center roller at the top of the figure is
positioned in-line with the machined notch during cyclic loading. A cyclic loading rate of about 5-10
hertz was applied at a predetermined load range to initiate fatigue cracking and growth to the target
CIght, at which point the cyclic loading was stopped. 1he applied foads were based on the size 0] the
test specimen, the material yield strength, and the depth of the machined notch to ensurecthaf the
resulting cyclic stresses at the notch tip were elastic and appropriate for fatigue crack initiation|and
crowth (i.e. to prevent plastic deformation or ductile tearing during cyclic loading).

Figure 10-48: Illustration of a conventional SENB test specimen geometry

Fatigue Crack

g

Image Courtesy of Oleg Volf

Figure 10-49: Fatigue test setup on a servo-hydraulic test machine using an MTS clip gage

Image Courtsy of Oleg Volf
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10.3.3 Description of the UT Setup

To achieve high resolution and sizing accuracy, an Olympus 7.5L60 PWZ1 7.5MHz linear array probe
containing 60 elements at a pitch of 1 mm was placed on a Rexolite SPWZ1 N55S wedge to generate
shear waves at natural refracted angles 55 degrees (Figure 10-50). The ultrasonic data was collected
using an Olympus OmniScan X3 instrument. To prevent interference with the test fixture, the SENB
sample was removed after each scan. After the UT measurements were made, the three-point bend
fixture was re-positioned, and the cyclic loading re-initiated to continue crack propagation. Three
different UT measurement techniques were evaluated: conventional phased-array ultrasonic testing
PAUT), full matrix capture/total focusing method in the T-T mode (FMC/TFM-T-T), and full‘ig Ltrix
capture/total focusing method in the TT-T mode (FMC/TFM TT-T). (1,

P

Figure 10-50: The phased array ultrasonic technique setup to monitor the no/%h
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Full Matrix Capture and Total Focusing Method

v hnage-Courtesy-ofOleg-Vol-

249


https://asmenormdoc.com/api2/?name=ASME PTB-15 2023.pdf

ASME PTB-15-2023: FULL MATRIX CAPTURE TRAINING MANUAL

10.3.4 Results

UT readings were taken at 20-30 minute intervals throughout the fatigue test. The test images display
the growth of a crack using the different UT approaches. To optimize the measurement, the sensitivity
of the ultrasonic system was set high enough to detect weak diffraction signals from fatigue cracks in
the pulse-echo mode.

Table 10-10: Periodic Crack Measurement Values Using Various Measurement Techniques

Number of Crack Length from Crack Length with Crack Length with
Cycles Clip Gage (mm) TFM (mm) PAUT (mm)
44914 11.88 12.38 12.61
66953 14.05 16.94 17-:03
109833 20.25 22.17 21.77
129476 23.12 25.02 24.09
150378 26.22 26.83 27.08

10.3.5 Analysis

failure models.

against the number of cycles as shown in Figure 10-51 through Figure 10-63. These results pro

The data presented can be plotted on a graph of ctack size from the original position of the notc:E tip
valuable insight into the nature of the material and the variable rate of the crack growth as inp

Figure 10-51: TFM images (left= T-T Mode, right — TT-T Mode), Number of Cycles = 0

Courtesy of Oleg Volf,

ide
t to

TT-T Mode

Notch Tip
Notch Face

Image Courtesy of Oleg Volf
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Figure 10-52: PAUT image (Sectorial Scan), Number of Cycles =0

Image Courtesy of Oleg Volf

Figure 10-53: TFM images (left-T-T Mode, right-TT-T Mode), Number of Cycles = 44914

Image Courtesy of Oleg Volf

Figure 10-54: PAUT image (Sectorial Scan), Number of Cycles = 44914

Image Courtesy of Oleg Volf
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Figure 10-55: TFM images (left-T-T Mode, right-TT-T Mode), Number of Cycles = 66953

Image Courtesy of Oleg Volf

Figure 10-56: PAUT image (Sectorial Scan), Number of Cycles = 66953

Image Courtesy of Oleg Volf

Figure 10-57: TFM images (left—-T-T Mode, right-TT-T Mode), Number of Cycles = 109833

Image Courtesy of Oleg Volf
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Figure 10-58: PAUT image (Sectorial Scan), Number of Cycles = 109833

Image Courtesy of Oleg Volf

Figure 10-59: TFM images (left—-T-T Mode, right-TT-T Mode), Number of Cycles = 129476

Image Courtesy of Oleg Volf

Figure 10460: PAUT image (Sectorial Scan), Number of Cycles = 129476

Image Courtesy of Oleg Volf
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Figure 10-61: TFM images (left-T-T Mode, right-TT-T Mode), Number of Cycles = 150378

Image Courtesy of Oleg Volf

Figure 10-62: PAUT image (Sectorial Scan), Number of Cycles& 150378

Image Courtesy of Oleg Volf

Figure 10-63: Graphical representation of fatigue crack growth measured using each technique
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At the conclusion of testing, sample 17279-13 was opened to measure the crack physically. Table 10-11
lists nine post-test measurements, starting from the left side of the fatigue crack profile as viewed in
Figure 10-64. The table also includes the average, minimum, and maximum measurements of the crack.

Table 10-11: Post-test Measurements

Sample 17279-4-13
Position (mm) | Crack Length (mm)
a(1) 0.23 25.66
a(2) 3.02 26.16 0
a(3) 5.81 26.50 Q‘L
a(4) 8.60 26.75 )
a(s) 11.40 26.89 ,r\<'3
a(6) 14.19 26.78 &Q)
a(7) 16.98 26.49 1%
a(8) 19.77 26.15 <</
a(9) 22.56 2553  Co
« ¥
Average Min Max o)
26.33 25.53 2639
Courtesy of Oleg Vo f\\<

Figure 10-64: Image of Sample 17279-4-13 us&Q}or detailed crack measurement
(2

Crack Line

W

Notch Line

Image Courtesy of Oleg Volf
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10.3.6 Conclusions and Next Steps

Results using conventional PAUT and TFM techniques demonstrated very similar sizing accuracy as
shown in Table 10-12. The TFM-measured crack height nearly matched the visual confirming crack
height measurements and was slightly more accurate than PAUT and the compliance-based clip-gage

methods.

Table 10-12: Comparison between the four different crack measurement techniques in this study

Visually
Measured Max | Crack length from clip Crack Length with Crack length with
Crack Length gage (mm) TFM (mm) PAUT (mm)
(mm)
26.89 26.22 26.83 27.08
% difference
from visual -2.5 -0.2 +0.7
measurement

Courtesy of Oleg Volf

The UT measurement techniques show comparable results to theclip gage during the fatigue test]

health and crack growth applications in the field. EWIplans to complete more testing to verify,
accuracy of this technique for structural health monitoting.

image is visualized as a cross-section of the sample, which provides more accessible data and elimir]
the need for specially trained UT expertise'to evaluate the images.

Figure 10-65: SENB sample showing fatigue crack and corresponding FMC/TFM image of the cra¢

Image Courtesy of Oleg Volf
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and

the gradient of this plot gives the growth rate of the crack at ahy given time during its propagdtion
towards failure. Because UT is a nondestructive techniqué;.this process shows promise for strucfural

the

Additionally, the FMC/TFM technique shows a significantly improved visual presentation of the cfack
including the orientation of crack propagation (¢rack angle). As shown in Figure 10-65, the TFM crack

ates
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The laboratory feasibility work described here demonstrates the advantages of FMC/TFM over other
conventional NDE and non-NDE methods commonly used to detect and monitor crack growth. Not
only is crack sizing improved, but information regarding the nature and orientation of cracking can be
visualized with FMC/TFM (i.e., crack orientation, degree of branching, etc.). Moreover, the improved
resolution and accuracy obtained with FMC/TFM methods for inspection of fatigue-sensitive structures
offers the potential for increased accuracy in fatigue crack detection and sizing, which would
correspondingly improve the accuracy of engineering life assessments based on those crack
measurements. To provide a bas1s for establlshmg field inspection protocols, additional work should

2] 1 1 L 1 L Lad 1 d
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buried cracks (i.e., cracks that do not extend to a free surface).

10.4 Weld Examination-Introduction

Weld examinations with FMC/TFM can provide comparable results to traditional phased array, while
also possessing unique qualities that would be difficult or impossible to replicate with a traditipnal
beam forming, single plane focused phased array examination. Notable exaniples include optjmal
focus, spatial resolution, ease of applying indirect modes, improved imaging and detection pvith
divergent sound waves spreading in all directions, among others. These benefits can provide pow¢rful
tools for most weld examinations.

ASME BPVC Section V details the requirements for performing FMC for a fracture-mechanics-bpsed
hcceptance criteria when the referencing code sections requiresultrasonic testing [35]. The HMC
requirements are applicable to any data reconstruction technique that uses FMC data, including TFM,
provided the requirements can be met.

11.4.1 General Requirements

10.4.1.1 Procedures

A procedure is defined in the ASME BPVC as “an orderly sequence of actions” detailing how the
examination will be performed. In the case of FMC, the requirements to order into a sequence of actions
can be found in ASME BPVC SectionV. The requirements are broken into essential and non-esseftial
variables which need to be addressed in the procedure, typically as a single value or a range of values.

Table 10-13: Example of Essential and Non-essential variables

Requirement Essential Variable Monessential variable
Probe X -
Instrument X -
Examp-SUrface X -
Cauplant - X

Courtesy of Mistras Group

Onee’ complete, an FMC procedure needs to be qualified before use on production welds. Changgs to
amy essential variable alter a procedurc has been qualilied requires requalitication. Omne possible
exception to this for FMC is software revisions used by the instrument of choice. Software revisions
are often updated adding new features and improving software performance. In this case it is advisable
to review new software revisions. For example, revisions could be reviewed with existing data sets
acquired during qualification and/or limited qualification sample(s) to assure the code requirements are
met.
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10.4.2 Equipment

10.4.2.1 Instruments

The instruments capable of performing FMC/TFM and other imaging processes are high performance

specialized instruments with specific hardware and software needs. Real-time TFM requires

fast

processing capability and sufficient memory capacity to handle the large amount of data from the FMC

acquisition. Alternatives to traditional FMC/TFM such as sparse array, Plane Wave Imaging (PWI)
others may be less demanding on the instrument memory and processing speed since they

and
take

advantage of less iterative acquisition routines and processes.

[nstrument requirements are often reflected in the codes and standards addressing FMC/TFM, sud
instrument bandwidth, A-scan sampling rate, and spatial resolution.

10.4.2.2 Probes

The probes used for FMC weld inspection are the same as those used for beam forming Phased A1
Probes are purpose built (contact or immersion) with a large selection of prébe choices being wi
available. The most popular probes used with FMC on weld applications-are 1 or 2-D linear and
linear or matrix probes.

Due to the nature of the FMC data collection and image reconstructieny such as TFM, it is essentia
phased array probe be in good working order. This means chéeking the working condition of
individual elements in the array before use. ASME BPVC Segtion V includes a process any opel
can easily implement for search unit element checks. This_check is also included as an autom
software tool in some instruments.

10.4.2.3 Wedges

The contact wedges used for FMC are the samézas used for beam forming Phased Array and havg
same considerations. Unique to the ASME FMC rules, flat wedges can be used in place of cu
wedges for calibration, within certain guidelines. However, the correct curved wedge must be
during the examination. In all cases thefocus of the operator should be on assuring very accurate wq
parameters including procedures tg_account for wedge wear, (i.e., changes to wedge delay and wy¢
cut angle). Some instruments qmay include a wedge tool to perform acoustic measurements.
instruments that don’t, measurgments can be made manually. Flexible (membrane) wedges can be
for specific weld inspectigns:

Figure 10-66: Wedge Measurements
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Image Courtesy of Evident Scientific, Inc.

10.4.3 Getting Started

Most ultrasonic examinations, regardless of the technique, begin with selecting the equipment based

on application variables. Weld geometry, thickness, diameter, material, access and more all play

into

the choices made in selecting equipment and technical approach. One size does not fit all, and a

considerable difference in approach and equipment is typical from weld to weld.
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Figure 10-67: Considering variables
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Image Courtesy of Mistras Group

10.4.4 Scan Plan

The best way to consider all the application variables in aggregate’is during the creation of a scan

modeled truer to the examination with respedt to expected reflector responses. This makes aco
modeling a powerful tool for designing FMC/TFM scan plans.

Figure 10-68: Example of acoustic simiulation for FMC/TFM scan planning. Image clearly shows t
probe needs to be moved forward to achieve coverage of the weld root/I.D. HAZ, and in this way aco
simulation proceeds much like the use of Ray Tracing.

2 PROBES & WIDGES

LWRHAT T

Image Courtesy of Mistras Group
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lan.

While FMC is less mature than traditional phased array, robust{obls are available to the operator when
creating a scan plan, specifically acoustic modeling. While ray: tracing is not applicable to FMC/TFM,
in practice, designing a scan plan with acoustic modelinggproceeds much the same way for the operjtor.
Once the part information is entered, probes/wedges.and image paths can be input and the resulting

simulation informs probe positions and coverage approximations just like ray tracing, but also adds
field intensity, much like a heat map through use’of color coding. This means the variables cap be

stic

e
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10.4.4.1 Search units

When modeling a search unit for weld examinations absolute performance is the most important

measure, however when it comes to weld applications there are other considerations specifi
FMC/TFM as well.

c to

The maximum angular range of useful ultrasound, off axis to the probe, is a function of the single
element beam spread. Additionally, focus can only be achieved within the nearfield of the probe, which
is a function of the aperture, including effective aperture when off axis, probe frequency and velocity

fthe material. One might conclude from this that the best approach would simply be to use the largest

probe with the smallest elements your instrument can handle. Not a bad starting point forE
However, the real world is always a balance of variables.

For example, FMC by nature is iteration and process intensive. For a 64 element x .5Smm pitch p

time associated to perform that many steps. Compound this with multiple probes, séyeral image p
and the inherent ultrasonic time in the part and the acquisition speed can suffef)quickly. Howev
32-element x 1mm pitch probe would reduce the FMC iterations substantiallyvhile providing the s
aperture at a much-increased speed. Ultimately, the 64-element probe may well be the correct prob
the application, however, the operator should always consider all the variables during the scan plan
process.

10.4.4.2 Image Paths

TFM image reconstruction. This is important for weld ekxamination, as in any application, becausq
image path(s) selected will weigh heavily on the results of the examination. FMC/TFM is still b
to the physics of ultrasound. What a particular image path can produce with respect to the expe
flaws type, location, orientation, and of course probe position, relative to any flaw is paramount fo
operator to understand. As shown in Figure 10-69, direct image paths alone would not be sufficie
cover most weld applications properly, a‘fact reflected in ASME BPVC Section V. Addition
because the time of flight is a calculation, significant errors are seen when any of the time-of-f]
variables are incorrect, such as yelocity, wedge parameters, material thickness, and compo
curvature as can be seen on Figure 10-70 and Figure 10-71. Therefore, ensuring correct paramete
also critical.

indirect, and Time Extended 2T

Figure 10-69: LOF and the response from differing image paths. From Left to right 2T Direct, 47|

MC.
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Image Courtesy of Mistras Group
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Figure 10-70: Example of the Influence an incorrect thickness parameter has on the signal response of an
L.D notch

Correct Thickness + 5% Thickness - 5% Thickness

Image Courtesy of Mistras Group

Figure 10-71: Example of the influence an incorrect velocity parameter has on signal response. SMijz,
n=64, P=0.6mm, T-T direct, »/7, SDH @ 0.8 in. deep

Correct Velocity

0.1273 infu 0.1212in/u

100 FSH 0.1339in/p

Image Courtesy of Mistras Group

10.4.5 Equipment Set-Up

There are several FMC/TFM capable instruments in the marketplace currently, and each has its pwn
user interface and set-up procedure. However, there are a few topics in this area common to all worth
discussion.

10.4.5.1 Image Grid Density

For processed images such as TFM, the image grid density or resolution defines how npany
reconstruction points will be used to produce the image. This image frame parameter directly affects
the amplitude precision represented in the processed image. To correctly represent the original

may-be the correct approach. However, a balanced approach based on the application and expe

(] howld be-considered A h o113 hle 0 nd Eio a 0 noro esn ok-h

cost in speed, and beyond a certain point there may be diminishing returns for the application.
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Table 10-14: General example of scan speed vs grid density for standard TFM. SMhz x 32-element probe.
Changes to parameters such as PRF, algorithms and many others will affect results.

Frame Size & Image path Resolution (Pts/A) Scan Speed
0.500 in. | by 1.500 in. <> 0.0051 in. (5.0) 2.36 in/sec.
T-T Image path 0.0031 in. (8.1) 1.83 in/scc.
(*0.750 in? of coverage)
0500 1n l by 1500in. <« 0.00511n (R ﬂ) 2 00 in/sec
T-T & TT-TT Image path . .
(*1.500 in® of coverage) 0.0031 in. (8.1) 0.98 in/sec.
1.000 in. | by 2.000 in. <> 0.0051 in. (5.0) 1.81 in/sec.
T-T Image path 0.0031 in. (8.1) 0.80 in/sec.
(*2.000 in? of coverage)
1.000 in. | by 2.000 in. <> 0.0051 in. (5.0) 0:97 in sec.
T-T & TT-TT Image path 0.0031 in. (8.1) 0.41 in/sec.

(*4.000 in? of coverage)

Courtesy of Mistras Group

Figure 10-72: A clear change is seen from /2 to A/5, but less from.-2/5 to 1/7. 1/64th SDH, SMhz, n=64, p=
0.6 mm, L-L image path, Envelope on, 1.57 in. index,x,2.26 in. depth TFM frame

/2, enVelOpe on /5' envelope on /7, EnVeIOpe on

s
o —
_—
-
_—

Image Courtesy of Mistras Group

10.4.5.2 TFM Erame Size

Another consideration is the frame size that is used. While covering the area of interest with the inpage
frame isrequired, beyond this, benefits diminish. As seen in Table 10-14, this has a direct relationship
with sean speed. Larger than necessary frame sizes can also reduce the ability to see detail in the imjage,
espoeially using smaller portable screens, and increase file size.

10.4.5.3 Grouping

Examination coverage is most commonly achieved with two probes, one on each side of the weld.
While this can be performed separately, performing the exam from both sides simultaneously decreases
the inspection time, assures synced encoding between the two sides, and allows for easier understanding
of flaw response from both sides without having to switch between or merge files.
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There are other reasons for grouping unique to FMC/TFM. As discussed before, each image path is
specific. Weld coverage will usually require multiple image paths. POD, imaging, and sizing will all
be enhanced by using multiple image paths. Additionally, multiple image paths will be needed to satisfy
the ASME BPVC Section V requirements of resolution verification and path verification. In short, no
single image path can satisfy the requirements as shown in Figure 10-73.

Figure 10-73: Image path verification on through wall slot in the ASME BPVC Section V calibration
block. Satisfying the ASME requirements may require multiple image paths.

ADD
Indication

B asme calblock demo.oset*

Image Courtesy of Mistras Group

10.4.6 Scanning/Data Collection

Scanning with FMC/TFM.(and associated techniques) is performed in an identical manner to that yised
with conventional Phased Array. The two primary methods are manual scanning and encoded scanrjing.

ASME BPVC Seetion V requires the use of linear scanning techniques using Semi-Automated (SAUT)
or Fully Automated (AUT) scanners for FMC weld examinations. The qualified image path
configurations developed in the scan plan and used for calibration must be used for scanning. Lipear
scanning requires that the search unit be held at a fixed stand-off distance from the weld axis. Therefore,
A mean$.to maintain this distance is important, usually by a fixed guide or mechanical means. Figure
10-74 shows examples of encoded scanning and date collection techniques.
. h . . . . her.
The search unit(s) are held in a mechanical fixture onboard the scanner, the scanner is
connected to a motion control device, engaging the motors that drive the scanner down the
weld axis via computer control. An integrated encoder provides the means to record the
ultrasonic data and scanning position.

e Semi-Automated scanning (SAUT)-A technique employing one or more axis scanners. The
search unit(s) are held in a mechanical fixture onboard the scanner, and the scanner is manually
manipulated down the length of the weld or inspection area. An integrated encoder records the
ultrasonic data and scanning position.
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Figure 10-74: Examples of encoded scanning and data collection techniques

Fully automated scanner Semi- automated scanner Probe with simple encoder

Image Courtesy of Evident Scientific, Inc.

Manual scanning techniques are typically used for proof-up of indications, verification of sizing, p
skewing techniques for signal characterization, looking for transverse indications, or non-new
quality applications. With phased array, for example, often a simple A-scafand S-scan setup is 1

Section V requires SAUT or AUT for FMC, manual scanning is not allowed for data collection
may be used as a follow up, provided the process was qualified in, th€)procedure.

e Encoded Manual Scanning (EMUT)-The probe is handhield and manually moved along
scan axis. A wheel or string-type encoder is typical<and is used to record the ultrasonic
and scanning position. A fixed guide may be included or used separately to maintain se
unit position in relation to the scan axis. Typically-used with 1 axis scanning but may be
with 2 axes by means of a mechanical or softwate indexer.

e Manual Scanning (MUT)-The probe is handheld and manually moved along the scan axis
recording of data is performed.

10.4.6.1 Encoding

When scanning a weld, it is important-to maintain the encoding accuracy over the distance travq
ASME BPVC Section V requires encoder calibration to be performed over a minimum of 20 in.

tolerance. However, for veryong scans greater accuracy may be required. Greater accuracy ca
achieved by calibrating the encoder over longer distances.

Data quality must alse.be maintained. Scanning speed cannot exceed the instrument’s acquisition
or data drop out will~occur. The ASME BPVC Section V requires that scan speed be such that
drop-out is less«¢han 2 data lines/in. (25 mm) of the linear scan length, with no adjacent lines of
loss being presént. An example of data drop-out is shown in Figure 10-75.

Figure 10-75: Example of data drop-out
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