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IN-SERVICE NON-DESTRUCTIVE ESTIMATION OF THE REMAINING FATIGUE LIFE OF
WELDED JOINTS

Ship structures are subjected to fatigue loading during dzily operations. Under cyclic loading,
fatigue cracks can form at defects or discontinuities in a structure, especially in welded joints due
to the inherent defects in the weld. Historically, saips were not designed for fatigue loading.
Fatigue cracking can be a significant problem for ships, especially at welded joints. If a method
for determining the extent of fatigue damage and an estimation of remaining fatigue life could be
found, both time and resources could be saved in the maintenance of ship structures.

Research was performed to determine the feasibility of using ultrasonic non-destructive testing
methods to predict the fatigue life of a welded detail. If the fatigue life of a detail could be

reliably determined, the repair of fatigue cracking could be performed in a more efficient
manner.

The correlation between the crack depths found vsing ultrasonic testing to the remaining fatigue
life of the welded joints was studied. Also investigated was the relationship between crack
lengths found by visual observation and the remaining fatigue life of the welded joints. The
limited results found through this project do not support any substantial conclusions regarding
the use of ultrasonic testing methods for the prediction of remaining fatigue life.
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CONVERSION FACTORS

(Approximate conversion of common U.S. Customary units

used for ship structures to metric or SI units)

To convert from To Function Value
LENGTH
Inches Meters divide by 39.3701
Inches Millimeters multiply by 25.4000
Feet Meters divide by 3.2808
VOLUME
cubic feet cubic meters divide by 35.3149
cubic inches cubic meters divide by 61,024
SECTION MODULUS
inches” feet centimeters” meters multiply by 1.9665
inches” feet centimeters’ multiply by 196.6448
inches’ centimeters’ multiply by 16.3871
MOMENT OF INERTIA
inches” feet’ centimeters” meters” divide by 1.6684
inches” feet® centimeters’ multiply by 5993.73
inches’ centimeters’ multiply by 41.623
FORCE OR MASS
Long tons Tonnes multiply by 1.0160
Long tons Kilograms multiply by 1016.047
Pounds Tonnes divide by 2204.62
Pounds Kilograms divide by 2.2046
Pounds Newtons multiply by 4.4482
PRESSURE OR STRESS
Pounds/inch’ Newtons/meter” (Pascals) multiply by 6894.757
Kilo pounds/inch? mega Newtons/meter” multiply by 6.8947

(mega Pascals)
Pounds/inch” kg/cm” divide by 14.2232
kg/cm” mega Pascals multiply by 0.098065
BENDING OR TORQUE
Foot tons meter tons divide by 3.2291
Foot pounds Kilogram meters divide by 7.23285
Foot pounds Newton meters multiply by 1.35582
ENERGY
Foot pounds Joules multiply by 1.355826
STRESS INTENSITY
Kilo pounds/inch’inch'” (ksiVin) | mega Newton MNm’"” multiply by 1.0998
J-INTEGRAL
Kilo pound/inch Joules/mm’ multiply by 0.1753
Kilo pound/inch Kilo Joules/m” multiply by 175.3
TEMPERATURE
Degrees Fahrenheit Degrees Celsius subtract 32

& divide by 1.8
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EXECUTIVE SUMMARY

Global and local ship structures are subjected to cyclic loading during normal operation
with increased cycles resulting from wave impact and machinery oscillations. Thus,
fatigue cracking can be a significant problem for ships, especially at welded joints. The
repair of these cracks can be expensive and time consuming. Both time and resources
could be saved in the maintenance of ship structures if a method for determining the
extent of fatigue damage and an estimation of remaining fatigue life could be found.
Then, it would be possible to more effectively manage the repair of fatigue cracking.
Research was performed to determine the feasibility of using ultrasonic non-destructive
testing methods to predict the fatigue life of a welded detail. If the fatigue life of a detail
could be reliably determined, the repair of fatigue cracking could be performed in a more

efficient manner.

Fatigue testing was performed on three specimens. Each specimen was a W10 x 30 grade
50 beam, approximately 3.5 meters long with eight WT6 x 9.5 tee attachments fillet
welded to the beam flanges. The specimens were subjected to cyclic loading to grow
fatigue cracks at the welded details. Ultrasonic non-destructive testing, both time of
flight diffraction and linear phased array, was performed at three times during fatigue
testing to determine the extent of fatigue cracking. The specimens were monitored
closely during testing for signs of surface cracking. Once cracking was detected, the

surface crack length versus the number of cycles was recorded at regular intervals.

The relationship between the crack depths determined using ultrasonic testing versus the
cycles to failure was investigated. Analysis of the limited amount of data collected
indicated that there was little correlation between these two quantities. There was a
reasonable correlation between the surface crack length and the remaining cycles to
failure. There was no correlation between the surface crack length and the crack depth
found using ultrasonic testing as would be expected. This indicates that the depth
measurements taken by time of flight diffraction and linear phased array ultrasonic

testing methods are not suitable for the extrapolation of fatigue life in welded steel joints.

xiii



1 INTRODUCTION

1.1 Problem Statement

Ship structures are subjected to fatigue loading during daily operations. This fatigue loading
is due to the full spectrum of hull girder wave loading in all sea states, vibration from wave
impacts and the oscillatory effects of rotating machinery. Under this cyclic loading,
fatigue cracks can form at defects or discontinuities in a structure, especially in welded
joints due to the inherent defects in the weld. Historically, ships were not designed
explicitly for fatigue loading; instead a peak allowable stress was defined. By limiting
the peak stress, designers hoped to avoid problems with fatigue [1]. Because of this
approach, many large ship structures experience extensive fatigue damage [2,3]. Due to
the highly redundant nature of ship structures, these fatigue cracks will typically not
compromise structural integrity [1,4]. However, when left unchecked, fatigue cracks can

grow to catastrophic proportions resulting in both local and global structural failure.

In general, the detection and repair of occasional fatigue cracks has become a part of
routine maintenance. It is costly, and impractical, to take a ship out of service for repair
every time a fatigue crack appears. It may be more efficient to create a method to predict
fatigue crack growth and determine the threat that each crack may pose. Cracks that are
found not to be propagating, and thus posing no risk to the structural integrity of the ship,
may not need to be repaired immediately. The repair of fatigue cracks may then be
planned for and managed more effectively with many cracks being repaired at one time.
This approach has the potential to be more cost effective, saving time and resources and
allowing for continued operation of the ship with a better understanding of the risk

associated with specific cracks located in various areas of the ship.

1.2 Research Objective

This project was conducted to determine the feasibility of using non-destructive testing
measurements to predict the remaining fatigue life of a welded joint, to better determine
when repair of a fatigue crack is needed. Previous studies have been conducted to

investigate the correlation between non-destructive testing measurements to remaining



life for various applications including those applicable to the aircraft and automobile
industries [5,6,7]. However, no known studies have been conducted on typical welded
joints found in ship structures, which have inherent defects that may or may not evolve

into fatigue cracks.

For this project, fatigue tests were conducted on large-scale specimens which realistically
modeled details found in ship hulls. Ultrasonic testing methods were used, both time of
flight diffraction and linear phased array, to characterize any fatigue cracking in the
specimens. The feasibility of using these non-destructive testing methods to predict the

remaining fatigue life of the welded joints was investigated.

1.3 Organization of Report

Chapter 2 describes background information for the current project. This background
includes a description of ultrasonic testing methods, specifically the time of flight
diffraction and linear phased array methods. The physics of these methods is discussed,
including wave propagation in elastic media. A summary of work done by previous
researchers on the capabilities of these two ultrasonic testing methods in the detection
and characterization of defects, and the use of non-destructive testing methods for the
prediction of remaining fatigue life is included. Eddy current testing, an electromagnetic
testing method, is also described. Chapter 3 describes the experiments conducted for this
project including fatigue testing and non-destructive testing procedures. The results of
the fatigue testing and non-destructive testing are found in Chapter 4. Also contained in
Chapter 4 is an analysis of the data including the correlation of non-destructive testing
data to the remaining life of the test specimens. Chapters 5 and 6 contain the project

Conclusions and Recommendations, respectively.



2 BACKGROUND

Background information is provided on the research done in an attempt to correlate
fatigue life in steel and aluminum directly to various non-destructive testing (NDT)
methods. Then, the propagation of ultrasonic waves in elastic media, the basis for
ultrasonic testing (UT) is described. Ultrasonic testing methods are discussed,
specifically the time of flight diffraction (TOFD) method and the linear phased array
(LPA) method. Included in the discussion is the way these two ultrasonic testing
methods detect defects along with their capabilities in the detection and characterization
of defects. Also discussed is eddy current testing, an electromagnetic non-destructive

testing method.

2.1 Estimation of Remaining Fatigue Life Based on Non-Destructive
Testing Measurements
The fatigue life of a steel member is considered to be the number of cycles needed to
reach a crack dimension, either length or depth, of a certain magnitude. The magnitude
of the crack dimension at failure is highly dependent on the member size, type and the
use of the structure. For this project, fatigue life was considered to be the number of
cycles undergone before the formation of a through thickness crack 50 mm in length.
The fatigue life of a member can be transformed into operational time based on the

frequency of loading.

To the authors’ knowledge, little research has been done in attempt to correlate remaining

fatigue life of steel members directly to the output from a non-destructive testing method.

Shell [5] investigated the use of three NDT methods, pulse echo ultrasonic testing, white
light interference microscopy (WLIM), and microradiography to predict the fatigue life
of corroded aluminum specimens. The 48 specimens were made from 2 mm thick
aluminum plate and were exposed to various conditions to create a range of corrosion
damage. NDT testing was performed prior to fatigue cycling. From the NDT testing, 19
quantities (metrics) were investigated, including roughness, corrosion depth, material
volume loss and signal loss. Then, the specimens were cycled to failure. Up to 15 of the

19 metrics studied were found to reasonably predict fatigue life of the specimens. Those

3



metrics with the strongest correlations to fatigue life include peak roughness found using
WLIM, maximum UT signal lost, and the loss of cross-sectional area. The depth of
corrosion estimated by UT, however, had little correlation with fatigue life, even though
as Shell notes “this is a typical measurement used in structural analyses of corroded
components.” An empirical model was then created. For most metrics, it was found that
there was a linear relationship between the logarithm of the metric and the fatigue life of

the corroded specimens.

Asif and Modh [6] used the electric potential method, an electromagnetic form of non-
destructive testing, to correlate fatigue crack area to number of strain cycles in low cycle
fatigue. Specimens were made from notched steel cylinders subjected to four-point
bending and a rotation to encourage fatigue crack growth. Measurements were taken at
various times during testing for five strain levels. It was found that the potential drop
across the specimen increased as the area of crack increased, somewhat independent of
strain level. Results for the number of strain cycles at a given crack area were plotted for
the five strain levels. It was found that the relationship between strain cycles and crack
area was nearly linear for each strain level. Thus, by determining the percentage change

in the voltage across a specimen, the remaining fatigue life was predicted.

Kim [7] attempted to estimate the remaining fatigue life of an automobile chassis
fabricated from thin cold-rolled steel plate. A magnetic non-destructive testing method
was used which gives the relationship between magnetic flux and stress in the specimen.
It was found that the magnetic flux decreased exponentially as the number of fatigue
cycles increased. A statistical model was created to predict the remaining fatigue life of
the specimen based on the magnetic flux found during NDT, normalized by a baseline

magnetic flux taken before fatigue testing began.

The current project hoped to further these research attempts and gain results applicable to
the ship industry for the estimation of fatigue life based on measurements taken with

ultrasonic testing methods.



2.2 Ultrasonic Testing

Ultrasonic testing for the detection of defects in metals was first done in 1929 by S. Y.
Sokolov in Russia [8]. Since its conception, ultrasonic testing has become a widely used
form of non-destructive testing with many advancements and variations. Ultrasonic
testing can be used to detect cracks, voids, and changes in geometric and material
parameters such as thickness, stress and modulus [9]. All ultrasonic testing methods are
similar in that they use ultrasonic waves for the detection of defects or material
properties. No matter what method is used to introduce ultrasound into a test specimen,
the sound energy in the specimen will be of the same form. The testing methods differ in
which detectable signals are of interest and used for the detection and characterization of
defects. For this project, the ultrasonic TOFD method and the ultrasonic LPA method

were used for defect detection.

2.2.1 Acoustic Wave Propagation

Ultrasonic testing methods use ultrasonic sound waves, those waves having a higher
frequency than is audible to the human ear, to detect defects. Sound waves are stress
waves which propagate as oscillations of discrete particles of matter. These sound waves
can be generated in a material by applying small, high frequency displacements to the
surface [9]. In order for ultrasonic testing to be truly non-destructive, the sound waves
used must be of low amplitude, which will adhere to the principles of linear elastic
theory. These low amplitude waves will subject the test specimen to stresses well below

the yield stress of the material and will not alter the specimen [10].

Several types of sound waves will propagate in a solid material, two of these are shown
in Figure 2.1. Compression waves cause particles to oscillate in the same direction as the
wave is propagating and have the highest velocity of all sound waves, thus they are often
called primary waves. Shear waves cause particle motion in the direction transverse to
the direction of wave propagation. The velocity of shear waves in isotropic media is
approximately half the velocity of compression waves. There also exist various surface
waves, including Rayleigh waves and Lamb waves. Surface waves produce more

complex particle motions than either compression or shear waves. The velocity of



surface waves is approximately 90% that of shear waves, and thus the surface waves are

often ignored in ultrasonic testing [9].

Particles at Rest

Compression Wave

Wﬁvele
Wave Propagation ————— - Particle Motion =s———=-
Shear Wave Wmle
Wave Propagation —————= Particle Motion

Figure 2.1: Particle movements during shear and compression wave propagation in an
elastic medium

The velocity of sound waves is distinct in each material and can be found using

Equations (2-1) for compression waves and (2-2) for shear waves.
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where V. is the compression wave velocity, V; is the shear wave velocity, E is the

Young’s modulus of elasticity, p is the material density, and v is the Poisson ratio. The



velocity of sound waves in steel is roughly 5.90 km/s for compression waves and 3.23

km/s for shear waves [11].

The wavelength, A, of a sound wave is equal to:

A= (2-3)

v
f
where V' is the acoustic velocity and fis the frequency of the wave. As the wavelength is
directly proportional to the velocity of the sound wave, waves with a higher velocity will
have a larger wavelength. Thus, the wavelength of compression waves is approximately
twice as large as the wavelength of shear waves due to their higher velocity at a given

frequency.

Different types of sound waves propagate with wave fronts of different shapes. A wave
front is the boundary separating the volume of material that has been disturbed by the
elastic wave from the undisturbed medium, and comes in two shapes, either spherical or
cylindrical [12]. Compression and shear waves tend to travel with spherical wave fronts.
Thus, compression and shear waves propagate out from their point source in all
directions, unless an obstacle is encountered. Surface waves travel with a cylindrical

wave front.

2.2.2 Wave Phenomena: Reflection, Refraction and Diffraction

When an ultrasonic wave encounters a boundary between two infinite media with
different physical properties, the wave cannot continue to propagate in its original form.
Two phenomena of waves may be observed at such a boundary, reflection and refraction
of the wave. Reflection is the bouncing of ultrasonic energy off of a boundary and back
into the original medium. Refraction is the bending of the path of the ultrasonic beam as
it is transmitted through the boundary between the two materials. Reflection and
refraction are illustrated in Figure 2.2. This change in the path of the sound energy is
caused by the change in ultrasonic velocity as the beam passes into the second medium.
Diffraction is the scattering of sound waves when incident energy encounters an obstacle

of finite length in its intended path, such as a crack or discontinuity.
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Refracted Wave

Figure 2.2: Reflection and refraction of a sound wave at material interface

2.2.2.1 Snell’s Law for Reflection and Refraction

Snell’s Law for the reflection and refraction of sound waves describes the behavior of a
sound wave when it reaches a boundary between two materials with different properties.

Snell’s Law is given by:

sinf sin®
I/Ll VL2

(2-4)

where 0 is the angle of incidence, @ is the angle of refraction, V7 ; is the compression

wave velocity in material 1, and V7, is the compression wave velocity in material 2.

This equation relates the angle of incidence of the sound wave in the original material to
the angle of refraction in the second material based on the corresponding velocities of
sound for the two media. This law also states that the angle of incidence will be equal to

the angle of reflection.

If the incident angle is not perpendicular to the material boundary, mode conversion of

the wave can take place. Through mode conversion, waves of other types than the



incident wave are formed, such as shear and surface waves forming from an incident

compression wave [8].

2.2.2.2 Acoustic Impedance

In most cases, when a sound wave encounters a material boundary or discontinuity, both
reflection and refraction (transmission) of energy occur. The amount of energy that is
transmitted through the material boundary is based on the relative acoustic impedances of

the materials:
Z=pV, (2-5)

where Z is the acoustic impedance, p is the density of the material, and V is the acoustic
velocity in the material. The amount of energy reflected and transmitted is then governed

by Equations (2-6) and (2-7):

yAEYA

Reflected Energy = MIOO% (2-6)
(Zl + Z2)

Transmitted Energy = 100% - Reflected Energy (2-7)

where Z; is the acoustic impedance of material 1 and Z; is the acoustic impedance of

material 2.

The acoustic impedance of steel is 46.7 x 10° kg-m™>-s™, and the acoustic impedance of
air is 0.0004 x 10° kg-m’z-s']. Thus, at a steel-air interface, such as the test specimen
surface or a crack, approximately 100% of the sound energy will be reflected. At the
interface between steel and water, approximately 88% of the sound energy will be
reflected. For other interfaces between steel and non-metallic inclusions most of the
energy will be reflected. This reflection results in an indication of a defect during testing
[8]. Compression waves are capable of traveling through any medium be it solid, liquid
or gas, thus the amount of energy transmitted across a boundary will follow Equation (2-
7). Shear waves, however, are only capable of propagating in solids, as liquids and

gasses have no resistance to shearing action. When a shear wave traveling through a



solid encounters an interface with a liquid or gas, all of the sound energy will be reflected

back into the solid, as the shear wave is incapable of propagating past the boundary [11].

2.2.2.3 Diffraction

Diffraction is caused by the interference of sound waves and will be produced whenever
an incident wave encounters an obstacle in its path [13]. As a sound wave encounters a
defect or crack, the crack tip will cause a scattering of the wave, resulting in diffracted
waves propagating in a cylindrical manner originating at the crack tip, regardless of the
orientation of the defect. This cylindrical wave will have an axis perpendicular to the
path of the incident wave [14]. Diffracted waves are of the same mode as the incident
wave from which they are formed. Thus, a compression incident wave will produce a

compression diffracted wave.

Wave diffraction is caused by a discontinuity of stress across crack faces. Any
compressive stress that is high enough to produce significant interaction between the two
crack faces will decrease the scattering of the waves. Diffracted waves are of smaller
amplitude than incident or reflected waves. Thus, any lessening of the signal can make
diffracted waves increasingly difficult to detect during testing. No amount of
compressive stress will make the signal from the crack tip completely disappear, but it

could be greatly diminished [15].

2.2.2.4 Wave Phenomena Detected in Ultrasonic Testing Methods

When an ultrasonic wave encounters a crack-like defect of finite length, reflection and
refraction as well as diffraction from the crack tips will take place [14] as shown in
Figure 2.3. A portion of the sound energy will be reflected off of the surface of the crack
at an angle equal to that of the angle of incidence. This reflected energy will comprise a
large portion of the total energy. Many ultrasonic testing methods rely on the reflection
of energy at a crack surface, such as the common pulse echo method, or LPA, which was
used in this project. A portion of the sound energy will be transmitted through the crack
(refracted). If the crack is air filled, the refracted energy will be negligible. The third
phenomenon that occurs when ultrasonic energy encounters a crack is diffraction at the

crack tip. In this case, the crack tip behaves as a point source, radiating energy in a
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cylindrical manner, over a much larger range of angles than the reflected energy [16].
The amplitude of the diffracted energy is smaller than the reflected energy, but in most
cases it is still detectable over any noise in the system. Diffracted waves are used for

crack detection in methods such as TOFD.

Reflected Wave )%(@% Transmitted Wave

Diffracted Wave

Figure 2.3: Wave phenomena resulting from incident wave encountering crack

Daffracted Wave
Incident Wave

2.2.3 Acoustic Wave Attenuation

As a sound wave propagates through a solid, it is subject to attenuation, or a diminishing
of the signal. Attenuation is due to both absorption and scattering of sound energy.
Absorption is the conversion of sound energy into heat through friction [11]. The higher
the frequency of the sound waves the more absorption of sound energy that occurs.
Scattering is the reflection of sound waves off of grain boundaries and is more of a
problem with coarse-grained materials than fine-grained materials. Scattering results in
lost sound energy if these reflections are not detected by the transducer, or added noise if

they are detected, which can mask the signal from a defect [8].

Attenuation can weaken the signal returning from flaws and the reflection from the
surface opposite that of testing (the back-wall echo), received by the transducer [11]. In

order to counteract the effects of attenuation, the proper frequency of testing must be
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chosen. Lower frequencies help to counteract the effects of both absorption and
scattering. The amount of energy absorbed increases with frequency, thus lower
frequencies allow for further penetration of energy [8]. Another option to account for
absorption during testing is to increase the amplitude of the sound wave applied to the
specimen. Scattering becomes a large problem during testing if the grain size is greater
than one-tenth of the wavelength, thus lower frequencies produce less scatter. As low a
frequency as possible should be chosen for ultrasonic testing without sacrificing
resolution, as the smallest defect dimension detectable is equal to half the wavelength.
Attenuation does not greatly affect the use of ultrasonic testing in steel. If the proper
frequency is chosen, there will be a sufficiently strong signal in steel for detection of

defects [11].

2.24 Near Field Versus Far Field

In addition to attenuation, the possible range of testing is determined by the divergence of
the beam of sound energy. An ultrasonic testing probe is, in theory, a set of numerous
point sources of sound energy which propagate into adjacent media as spherical waves.

In the so-called near field, these waves interfere with each other and cause variations in
sound pressure, which makes any signal received from the near field during testing
unreliable. In the far field, however, the numerous wave fronts combine to support each
other, which produces a more uniform pressure intensity than in the near field [9]. The

near field distance is found as:

2
NF = D'J (2-8)
4y
where NF is the near field distance, D is the transducer diameter, f'is the frequency of the

primary current, and V is the acoustic velocity in the material.

In the near field, the beam of sound is assumed to be cylindrical in shape, whereas in the
far field the beam is conical. The beam width increases in the far field with propagation,
thus the amplitude of the signal decays exponentially in the far field, reducing the
possible range of ultrasonic testing. The divergence of the beam will be the greatest

influencing factor in determining the possible testing range in materials that are easily
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penetrated, such as fine-grain steel; otherwise attenuation is the predominant factor in

determining range [11].

2.2.5 Ultrasonic Testing Equipment

The equipment used in ultrasonic testing is similar for most methods, as described in the
following sections. Most ultrasonic testing methods use the same piezoelectric material
to construct probes; however the configuration of the material is specific to the method
being used. The frequency of testing is also similar across testing methods as this is
determined largely by the material being tested. Other materials, such as couplant are

commonly used for most ultrasonic testing methods.

2.2.5.1 Piezoelectric Materials

In order to introduce a sound wave into a test specimen, a transducer is used, which
converts electrical to mechanical energy and vice versa. Transducers contain
piezoelectric materials, which can be naturally occurring mono-crystalline materials, such
as quartz, or so called piezo-ceramics which obtain their piezoelectric properties by being
polarized in an electric field at elevated temperatures. Piezoelectric materials exhibit two
effects which are useful in ultrasonic testing. The direct piezoelectric effect states that
when a piezoelectric material is deformed through mechanical pressure, electrical charges
will form on its faces. The direct piezoelectric effect is used for probes which receive a
signal from the test specimen. Conversely, the inverse piezoelectric effect states that a
voltage applied across the faces of a piezoelectric material will produce mechanical
deformation. This deformation, on the order of micrometers, is used to transmit sound
waves into adjacent material. The transducer typically consists of a piece of piezoelectric
material to which thin metal plates are applied in order to introduce or detect a voltage

across the faces [11].

To introduce oscillations into the test specimen, an alternating voltage is applied across
the transducer. The transducer will vibrate at the same frequency as the alternating
voltage. When the transducer is placed on the test specimen, an ultrasonic wave is
introduced with amplitude proportional to the applied voltage. Depending on the

orientation of the piezoelectric material in the transducer, either compression or shear
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waves will be introduced into the material. Then, when a sound wave encounters a
receiver transducer, the alternating stresses applied to the piezoelectric material by the
wave produce a voltage across the faces of the transducer, which acts as a microphone to
detect sound waves [11]. Piezoelectric elements can be considered either resonant, or
non-resonant. Non-resonant elements can be used over a wide range of frequencies.
These non-resonant elements are generally used at frequencies below their resonant
frequency. Ifitis desired to use the non-resonant element near resonance, high damping
is used. Resonant elements, however, are designed to be used at a specific frequency,
resonance, or a small band of frequency surrounding resonance. Most transducers used

for ultrasonic testing are resonant elements [10].

2.2.5.2 Frequency of Testing

In general, ultrasonic testing is done with frequencies ranging from 200 kHz to 50 MHz.
Frequencies ranging from 200 kHz to 20 MHz are used for defect detection, while higher
frequencies are used to investigate material properties [9]. When testing steel specimens,
the frequency of vibration used is generally 5 MHz or less, otherwise the ratio of the
grain size to the wavelength is large enough to produce unwanted scattering of energy.
The 5 MHz sound wave produces a wavelength of 1.2 mm in steel [11]. As the smallest
flaw that can be detected through ultrasonic testing is equal to half the wavelength, there
is generally sufficient resolution at 5 MHz for most flaw detection applications. The
resolution found using shear waves will be higher than that using compression waves due

to their smaller wavelength.

2.2.5.3 Additional Testing Equipment

For both the linear phased array and the time of flight diffraction methods, the transducer
is mounted on an angled probe so that ultrasonic waves are introduced into the material at
an angle other than 90° from the test surface. It has been shown that the angle that
produces the largest amplitude for compression waves is between 60° and 70°. The

optimum angle for the introduction of shear waves is between 40° and 50° [17].

Couplant is needed between the transducer and the test specimen in order to introduce the

sound wave into the specimen. If no couplant was used, the sound wave from the
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transducer would need to pass through a layer of air between the probe and the material
being tested. At the boundary between the probe and the air layer, most of the energy
would be reflected back into the probe, allowing very little to pass into the air. Then,
another boundary is found between the air and test material which also would not allow
for the transmission of sound energy. Common couplants are water, oils with medium
viscosity such as SAE 30, and glycerin. Most couplants have a 10% to 15% transmission
rate. Glycerin has the highest transmission rate of common couplants at 15% due to its

high acoustic impedance [8].

2.2.6 Pulse Echo Method

The most common method of ultrasonic testing is pulse echo. In this method, a sound
wave is introduced into the material by a probe. When this wave encounters a defect, a

portion of the sound energy is reflected back to the probe and the defect is detected.

The pulse echo method relies heavily on the proper placement and orientation of the
probe relative to the defect for its detection, as seen in Figure 2.4. If the defect and probe
are not properly oriented with respect to each other, the incident sound wave could be
reflected away from the probe, and the defect would be more difficult to characterize. If
the sound energy is directed away from the probe due to an unfavorably oriented defect,
the back wall echo will be affected, indicating to the operator the possible existence of a
defect. However, if the defect is oriented parallel to the probe, the back wall echo would
not be affected and the crack could go undetected. Thus, it is common for an operator to
use several probes or varying angles of incidence during testing to increase the

probability of crack detection.

During testing, the amplitude of the reflection is recorded versus travel time. If the defect
is smaller than the diameter of the ultrasonic beam introduced into the test specimen, the
size of the defect can be estimated by comparing the amplitude of the reflected signal to
the signal resulting from a standard reference reflector. The difference in the two signals,
called the decibel drop, is used to determine the size of the defect. In order to accurately
size the defect using the pulse echo method with a standard 90° probe, the crack must be

in a plane parallel to the surface at which the ultrasonic wave was introduced, the surface
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roughness cannot be larger than 5 pm, and the defect must be in the far field of the beam.
If the defect is much larger than the sound beam, the size of the defect can be determined

by tracing the outline, independent of relative amplitude [10].

Transmitter/ Transmitter/

\ / Receiver \ / Receiver

(a) (b)

Figure 2.4: Pulse echo probe with (a) favorable orientation relative to defect (b)
unfavorable orientation to defect

2.2.7 Phased Array Method

The phased array method of ultrasonic testing utilizes the basic principles of pulse echo
testing. However, unlike the pulse echo method, which uses only one transducer, a
phased array uses many transducers working simultaneously to focus sound energy at a
specific point in the test specimen. These transducers are arranged into a single probe
which is used for both transmission and reception of the signal. By using a phased array,
the operator is better able to determine the size, shape and orientation of a defect versus

traditional pulse echo techniques [10].

In the phased array method, the sound energy from the various transducers combines
through constructive and destructive interference [18] to create a unified wave front
which can be manipulated to focus at desired locations in the test specimen. In order to
scan the prescribed area, the ultrasonic beam can be moved electronically. Thus,
different inspection configurations can be completed with little to no physical probe
movement. A picture of the area of interest, called a sectorial scan (S-scan), can be
created by sweeping the ultrasonic beam through a range of angles, rather than using a

raster scan of an individual transducer as in the pulse echo method. To control both the
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shape and direction of the ultrasonic beam, the firing of each transducer is carefully
timed. With a carefully defined focal law, or the combination of firing times for all of the
transducers in the array, the ultrasonic beam can be electronically moved to focus at any
depth, or sweep through a prescribed range [19]. This wave front can be electronically
steered laterally from +/- 20° to +/- 80° from the center element, depending on the
frequency of testing and the element configuration [20]. Reception of an ultrasound
signal from a phased array is then the opposite of transmission. The signals received at
each element must be delayed before they are combined in order to realize the steered

and focused beam [21].

Several configurations of transducers can be used in the phased array method. A linear
phased array consists of several transducers arranged in a one-dimensional line, as seen in
Figure 2.5. Alternatively, transducers can be arranged in a two-dimensional grid called a
planar array, or a two-dimensional set of concentric circles called an annular array.
Linear arrays allow for beam movement and focusing in only one direction, either
laterally or through the cross section. This limited movement of linear arrays is generally
all that is necessary for most applications [21], thus it was the method used for this

project.

Element 16

Element 1

Figure 2.5: Linear phased array probe with 16 elements
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Each transducer in an array can be modeled as a point source. When electrically excited,
each of these point sources is assumed to produce a cylindrical shear wave which has a
constant phase at a given distance from the center of the transducer. Shear waves are
used for phased array testing as they have a higher resolution than compression waves.
By correctly timing the ultrasonic transmission of each of the transducers in the array,
firing first the outer elements and working inward, a unified wave front can be created, as
shown in Figure 2.6. In reality, the wave may not behave as modeled when the size of
the elements is larger than half the wavelength, A/2, of the ultrasonic pulse. With these
larger elements, a distinct near and far-field are created which have phase distributions
that are unlike an ideal cylindrical source, where the phase is constant, however beam
focusing and steering are still possible. Elements with a dimension less than A/2 are often
too small to be practical, thus it is still common to use larger elements with a dimension

greater than A/2 with little ill effects [22].

Time Delay
of Firing

Point of Foecus

Figure 2.6: Constructive interference of sound waves forming focused beam in linear
phased array testing
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Focal laws must be created to transmit and receive phased array signals. These focal
laws consist of both a delay law, which defines the set of time delays of each element,
and the amplitude law, which defines the gain, or amplification of signal, of each
element. A focal law can be created by first tracing a line from the center of each
element to the point of interest in the test specimen. Then, the time needed for each
element to transmit energy to the desired point is determined and becomes the basis for a
delay law. Equations used to determine the firing times of each element in a phased array
given the distance and angle to the desired point of focus can be found in Huang [23].
Example delay laws are shown in Figure 2.7. By changing focal laws during testing, the
operator can sweep the ultrasonic beam through an area without moving the probe.
While beam steering is useful for areas of complex geometry, for simpler test specimens,
such as a weld lying in a plane, it may be unnecessary to investigate a wide range of
angles. In these cases, it is common to use phased array probes in a static mode, where a
single delay law is used for scanning along a flat surface, focusing the beam at a constant
angle and depth from the surface while the probe is drawn along the length of the area of

interest, such as a weld.

In standard phased array focusing techniques, only one focal law is used for transmission
and reception of the ultrasonic signal. Standard phased array focusing tends to ignore
potential reflectors or defects that are outside the focal area. This shortcoming can be
overcome by using dynamic depth focusing techniques. Dynamic depth focusing uses
one focal law for the transmission of ultrasound, as in standard focusing. However,
dynamic depth focusing uses multiple focal laws for the reception of signals. By using
more than one focal law for reception, the focal point is effectively moved through the
depth of the region of interest in order to increase the likelihood of defect detection.
With dynamic depth focusing, the depth of field is increased by a factor of four, and the

signal to noise ratio is increased over standard focusing techniques [24].
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Figure 2.7: Delay laws for linear phased array testing
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2.2.7.1 Linear Phased Array Transducer Design

To create a linear phased array set of transducers, a single piezoelectric element is cut
into individual elements, or slotted, to form an array of transducers. These arrays are
typically 13 to 25 mm long consisting of 16 to 64 elements, however upwards of 512
elements can be used. It is optimal to use between 20 and 30 elements in a linear phased
array. Using less than 20 transducers in an array reduces the resolution of the testing

method, while using more than 30 transducers achieves little increased resolution [10,25].

The array of transducers in a phased array configuration emits energy in all directions,
not just the direction of interest. This energy is concentrated into a series of locations, or
lobes. The main lobe, which is of high amplitude, is produced in the direction of the
steering angle. A narrow, well-defined, focused main lobe is necessary for high
resolution and probability of detection. A grating lobe, which is of similar amplitude to
the main lobe, is created in the direction perpendicular to the main lobe. The grating lobe
can create strong signals in directions other than the steering angle, confusing test results,
thus small amplitude grating lobes are desirable. Side lobes exist between the main and
grating lobes, which are caused by energy leaking from the main lobe. Although side
lobes are smaller in amplitude than the main lobe, it is beneficial to suppress these lobes

to avoid confusing signals [26].

Wooh [26] performed computational modeling of phased array transducers. Through this
modeling, it was found that the relative amplitude of the lobes is dependent upon the
number of elements used, element width, and spacing. An increase in the number of
elements used in the array will increase sharpness and resolution of the signal. Arrays
with large numbers of elements have an increase in the main lobe sharpness, a higher
overall sound pressure, or strength of signal resulting in a higher signal to noise ratio, and
exhibit suppression of side lobes. However, arrays with large numbers of elements are
more complex to control and more expensive to manufacture than arrays with fewer
elements. Also, by increasing the number of elements, the near field zone is increased
making it more difficult to detect cracks near the surface of the specimen. Increasing the
size of individual elements will also create a higher sound pressure. Wider elements,

however, tend to create an increase in side lobe amplitude resulting in a lesser-defined
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main lobe. For the design of arrays, inter-element spacing should always be less than
one-half the wavelength used in testing to avoid grating lobes. The element width should
always be smaller than the inter-element spacing. Wooh determined that, in general, an
array consisting of 16 transducers with the largest possible element size, spaced at less

than 2/3 of the wavelength will perform optimally.

2.2.7.2 Linear Phased Array Output

Linear phased array testing produces a wedge shaped scan image, as seen in Figure 2.8,
similar to those seen in medical ultrasound [27]. This two-dimensional scan, called an S-
scan, depicts the material cross section at one probe location. For a single delay law, or
angle of focus, the amplitude of signal versus time is recorded. Then, as the beam is
swept through a range of angles, the amplitude versus time data is compiled for the entire
cross section into a two-dimensional S-scan. A color scale represents the amplitude of
the signal. Any defect encountered will cause a change in amplitude of the received
signal, which would appear as an area of color other than the standard background color
on the S-scan. The S-scans for all locations can be analyzed to detect and size defects.
As seen in Figure 2.8, cursors are placed on the scan to aid in locating and sizing the

defect.

2.2.7.3 Phased Array Detection Trials

Various researchers have performed trials for the detection of defects using the phased
array ultrasonic testing method. Flaw depth measurements as accurate as 0.25 mm have
been reported, if the defect can be detected above the noise level [20]. Much of this
research has been performed for the nuclear power industry interested in inspecting welds
in various locations on pressure water reactors constructed from low alloy carbon steel

and stainless steel.

Inspection trials were performed on internal welded joints of boiling water reactors
(BWR) used in nuclear power plants by Komura [28]. The test specimens contained
artificial defects, side-drilled holes, machined slits and stress corrosion cracking. In these
trials, Komura used a 256-element phased array probe. The experimental results were

found to closely match the machined crack depths.
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Figure 2.8: Linear phased array S-scan

Shipp [29] investigated the reliability of the phased array method for the detection of
defects in the fillet welds of boiler beam support brackets which support boiler tube
structures and are attached to the outer shell of boilers found in power stations. For this
application, the method needed to reliably detect defects with minimum dimensions of
1.5 mm wide by 10 mm long. Also, the defect dimensions needed to be estimated within
1.5 mm of their size. Blind trials were conducted by three pairs of data analysts, where
the teams were given sample specimens which contained defects, but were not told the
quantity, location, or size of the defects. One member of each pair was responsible for
data collection, while the other member performed the data analysis. After the
appropriate training of each of the data analysts, the experimental results met the required

detection standards.
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Mabhaut [30] performed inspection trials using the phased array technique on thick cast
stainless steel. Specimens were prepared with artificial defects, such as machined
notches and drilled holes, to simulate defects found in cooling components of pressurized
water reactors. Using two matrix array probes, each with 3 x 12 elements, in a tandem
mode with one transmitter and one receiver, it was found that defects of height between 3
mm and 15 mm were detectable over a reasonable signal-to-noise ratio. It was also found
that all defects over 10 mm in height could be accurately sized using this method in the

70 mm thick specimens.

MacDonald [27] investigated the capabilities of the phased array method for the detection
and sizing of defects in piping welds. These dissimilar metal welds are used to join a low
alloy carbon steel reactor pressure vessel to stainless steel piping. A matrix array probe
with 10 x 3 elements was used to search for both circumferential and axial flaws in the
weld. An extensive electronic scan pattern was used to limit the physical movement of
the probe. The depth of the circumferential defects was found within an average of 0.48
mm of the depth of the crack, with the length being estimated within 3.84 mm of the
crack length. The depth of crack ranged from 4 mm to 45 mm, with lengths from 12 mm
to 145 mm. MacDonald had similar accuracy in sizing axial flaws in the weld with depth
of 5 mm to 20 mm and length between 5 mm to 16 mm with an average error of 2.87 mm

in depth and 0.38 mm in length.

Mahaut [30] and Shipp [29] both report the ability to detect machined defects larger than
a given size with reasonable accuracy. Shipp was able to size defects with errors less
than 1.5 mm. MacDonald, however, was not able to achieve consistent results, with
errors differing greatly for the two flaw types. When measuring circumferential flaws,
MacDonald was able to achieve accuracy much greater than Shipp for the depth of the
crack, but had error more than two times larger than Shipp in length sizing. MacDonald
found the opposite results when sizing axial flaws with much greater accuracy in sizing

the length rather than the depth of the flaw.

Choqueuse and Lamarre [19] investigated the feasibility of using the phased array

method for the detection of fatigue cracks in welded tubular joints made of low alloy
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carbon steel in offshore structures. Fatigue cracks of depth between 2 mm and 5 mm
were introduced into specimens of 22 mm thick steel in a tee butt joint configuration.
Then, four different configurations of 16-element phased array probes were used to
estimate the extent of cracking. The size of cracks was compared to dimensions found
using the alternative potential drop method, an electromagnetic method of non-
destructive testing. For the phased array technique used which produced the most
accurate results, the estimated depths of the cracks were all within 3 mm of the depth
measured by the alternative potential drop method. This reported error in depth sizing is
twice as large as that found by Shipp [29], suggesting that there is a large difference in
the detection capabilities of the phased array method for fatigue cracks versus machined

defects.

2.2.8 Time of Flight Diffraction Method

The time of flight diffraction method (TOFD) of ultrasonic testing attempts to overcome
the difficulties associated with defect orientation of the pulse echo method. TOFD does
not depend on the orientation of the defect for detection, and detection capability is
independent of the amplitude of the received signal. This allows for improved accuracy
in the quantification of the defect encountered, such as the size and through thickness

extent, over traditional pulse echo methods [31].

The TOFD method relies on the detection of diffracted waves originating at crack tips in
the path of the incident wave, rather than reflected waves off of a crack surface. As such,
TOFD is capable of detecting defects independent of their orientation in the test
specimen. This method allows for accurate estimation of the crack location, size and
orientation [32]. However, the TOFD method is most accurate in determining the
dimension of a defect that is oriented perpendicular to the surface of the specimen
containing the transducers [14], which is the typical orientation of fatigue cracking found
in ship structures. This is unlike pulse echo methods which are most accurate in sizing

cracks parallel to the surface containing the transducer.

Instead of using amplitude to estimate various crack characteristics, the TOFD method

uses only the transit time of the diffracted wave to size a crack. The amplitude of a
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received signal can by affected by many material parameters, making amplitude
dependent defect sizing methods somewhat inaccurate and unreliable. Such amplitude
affecting factors include the surface roughness of the test material, the coupling
efficiency or temporary loss of coupling, the orientation of the defect, and performance of
the ultrasonic testing equipment itself [33]. By depending only on transit time, which is a
reliable quantity, TOFD is more accurate in sizing defects than amplitude dependent
methods. When using TOFD, the amplitude of the received signal cannot be completely
ignored, however, as the signal must be of amplitude great enough to be observed over

any noise in the system [14].

In general, two probes are used for TOFD which work together in a directly opposed
configuration, one probe transmitting the sound wave with the second probe acting as
receiver. In TOFD, the signal received by the probe is amplified in order to detect the
waves resulting from the crack tips for defect detection. TOFD uses compression waves
in testing, thus the diffracted waves will also be compression waves. Shear waves, which
have a greater resolution than compression waves, can be used for TOFD, but as they
have a slower velocity, the shear waves arrive at the receiver probe amid various mode-
converted waves making it difficult to distinguish a signal from a defect from other

waves with similar arrival times.

When using compression waves, the transmitter and receiver probes should be spaced
such that the back-wall echo, or the reflection from the opposite surface of the test
specimen, arrives before any mode converted waves. Then, the various waves of interest
are easy to distinguish and arrive in a predictable manner [15] as shown in Figure 2.9.
First, the lateral wave will arrive at the receiver probe. The lateral wave represents the
most direct path from the transmitter to the receiver generated by the edges of the
ultrasonic beam. Generally, the lateral wave will flow along just under the test surface,
however if the surface of the specimen is curved, the lateral wave will take a straight path
between the two transducers. After the lateral wave, any diffracted waves arising from a
crack tip will arrive followed by the back-wall echo. The lateral wave and back-wall
echo occur in a predictable manner with a consistent time delay [34]. Thus, if the probes

are spaced appropriately, the lateral wave and back-wall echo form natural reference
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signals between which any indications of a defect must appear. Any wave arriving after

the back-wall echo is a mode converted wave that generally is ignored.

Transmitter Recerver
Lateral

Wave i

Back Wall Echo

Figure 2.9: Ultrasonic waves detected during TOFD testing

The signals from the upper and lower tips of the crack can be distinguished by two
characteristics. First, the two signals will be opposite in phase. Also, the signal received
from the lower crack tip will likely be stronger than the signal received from the upper
crack tip. The higher strength of the signal from the lower tip of the defect is due to the
shape of a typical defect as viewed from the probe location. The lower crack tip is
concave, which acts to focus the acoustic energy. The upper crack tip is convex and
produces no focusing effect, thus this signal is weaker than the signal from the lower
crack tip. The signal from the lower crack tip tends to be less sensitive and vary less with
defect position than the indication of the upper crack tip. This allows for great accuracy

in the estimation of the through-wall extent of the defect [14].

If the defect is surface breaking, either the lateral wave or the back-wall echo can be
interrupted. When the defect breaks the upper surface, which contains the probes, the
lateral wave will be reduced, possibly eliminated. If instead, the defect is open to the
back surface, the back-wall echo will be affected. As the back-wall echo is a much
stronger signal than the lateral wave, it is less likely to disappear than the lateral wave.
The back-wall echo can be skewed for small cracks. For larger cracks the back-wall echo

may be delayed, or for very large cracks possibly eliminated [35].
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2.2.8.1 Time of Flight Diffraction Output

The output from TOFD testing can be displayed in either a one- or two-dimensional
representation. The most basic TOFD output format is the A-scan, which is a one-
dimensional representation of a single position of the transducers on the test specimen.
In an A-scan, the signal received by the transducer during TOFD testing is plotted as

amplitude versus time.

The back wall echo determines the length of the A-scan. Only the signals received by the
transducer between the lateral wave and the back wall echo are considered, as these
would be an indication of a defect. Figure 2.10 shows a typical A-scan with an indication
of a defect. The operator has placed markers at both the lateral wave and the indication
of a crack tip in Figure 2.10(b) to aid in locating the defect. It is not possible to
determine the exact position of the defect using an A-scan. With an A-scan, both the
depth and position of the crack lying in the plane containing the transducers are
unknown. These two quantities are related, however. The defect must lie on an ellipse,
of which the transducer locations are the foci [13]. A defect placed at any location on
this ellipse will produce the same time delay of signal, as seen in Figure 2.11 where the
path length from the transmitter to any point on the ellipse and then to the receiver is
equal. Thus, it is not possible to determine the location of the defect from only one A-
scan. The location of the crack tip can be determined by monitoring the delay time of the
signal as the transmitter and receiver probes are moved across the specimen. The delay
time will reach a minimum when the defect is centered between the probes [13], as seen

in Figure 2.12. Once the crack tip is located, the defect depth can be determined as [32]:
)}
d :%(ij2 —(2s))" (2-9)
where d is the depth of crack tip from the inspection surface, V. is the compression wave

velocity, ¢ is the arrival time of the signal, and 2 is the probe separation. Estimates of

error in depth determination are discussed in [36].
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Figure 2.10: A-scan representation of TOFD

29



Transmitter Receiver

Figure 2.11: Indication with given time delay lies on ellipse with location of transducers
as foci

Figure 2.12: Minimum time delay for cracks reached for transducer pair T-2 and R-2, as
defect is centered between probes

A-scans are the basis for all other forms of TOFD ultrasonic data display. By combining
many A-scans, a two-dimensional representation of the test specimen can be created.
These two-dimensional scans are formed by aligning many A-scans as the probes are
moved across the specimen surface to include position in the output data, and are
representative of a cross section of the test specimen. A B-scan is formed when the
probes are moved parallel to the line between the transducers, as shown in Figure 2.13(a),

whereas moving the probes perpendicular to the line between the transducer forms a D-
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scan [37], shown in Figure 2.13(b). As with the A-scan, the useful length of the B- or D-

scan is determined by the back wall echo.
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Figure 2.13: TOFD scan directions
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A B- or D-scan is viewed as a gray scale image with axes representing time delay of the
signal versus position of the transducers, as shown in Figure 2.14. The intensity of the
shading is related to the amplitude of the signal at a given point. White or black areas on
the scan both denote signals of high amplitude, opposite in phase. Any sudden change in
intensity of gray indicates an incoming signal, such as that from a defect. The lateral
wave will appear as a line at the beginning of the scan. The back-wall echo, which is of
greater amplitude than the lateral wave, will be indicated by a series of black and white
stripes at the end of the scan [37]. Defects will appear as arc shaped indications between
the lateral wave and back wall echo. These arcs are not the shape of the detected defect;
instead they indicate the tips of any flaws in the specimen. The lateral position of the
flaw tip is found by locating the apex of the arc. At the apex, the defect tip is in the
center of the transducer pair, where the delay time is minimized. A B- or D-scan displays
time delay, rather than position in the cross section of the specimen; however the defect
depth can be determined from the time delay for a given material with a known
compression wave velocity [13].  Also, a C-scan can be created, which represents a two-

dimensional plan view of the specimen.

B- or D-scans can be viewed in real-time while in the field. When performing TOFD,
these scans can be monitored for any gaps in the data, which would indicate a loss of
good coupling. Once identified, this problem can be corrected and the gaps in data can

be filled [34].

Defect locating and sizing is done manually using the B- or D-scan. The scan is studied
to locate any defect indications. Once an indication is located, the operator places a
cursor at the apex of the arc, as shown in Figure 2.15. The depth of the defect can be
found using the time of flight of the indication in Equation (2-9) as compared with a
reference wave, either the lateral wave or back wall echo. The accuracy of defect sizing
is dependent on the resolution and quality of the scan and on individual operator

capabilities.
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Figure 2.15: TOFD B-scan with indication at upper cursor

2.2.8.2 Detection of Fatigue Cracks Using the Time of Flight Diffraction Method

The scattering of an ultrasonic wave at an interface, such as a defect, is caused by a
discontinuity in stress across the crack faces. However, if the crack is under a
compressive stress, there will be interaction between the crack faces that may reduce the
difference in stress across the faces, depending on relative surface roughness and contact
area between the faces. This interaction can allow large amounts of acoustic energy to
pass through the interface. Through transmission will increase as either surface
roughness decreases, or the frequency of the test signal is increased [38]. When there is
an increase in energy that can pass through an interface, the reflected or diffracted energy
from a defect will decrease making detection more difficult. The closed defect becomes
effectively transparent or semi-transparent to ultrasonic beams [17]. This interaction

between crack faces can be a problem in the detection of fatigue cracks.

Fatigue cracks inherently produce relatively small amplitude signals during ultrasonic

testing because of crack closure, the variation in depth of the crack along its length and a
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rough surface, all of which can produce scattering of ultrasonic energy [33]. This
scattering produces a small signal-to-noise ratio making fatigue cracks much more
difficult to characterize than wide, machined slits. As the crack tip opening displacement
(CTOD) of a fatigue crack decreases, the amplitude of the diffracted wave decreases
[39,40]. Decreased amplitude becomes problematic for detection of cracks with

thickness less than %2 micron [13].

The amplitude of diffracted signals from closed cracks can be lower by tens of decibels
than open cracks. A significant reduction in signal received from fatigue cracks can be
found when the crack is subjected to a compressive stress equal to 20% of the material
yield stress. The signal from the crack will continue to decrease as the compressive stress
increases. While the signal will never completely disappear, it can decrease to a level
similar in amplitude to the noise level [17] where the detection of fatigue cracks becomes
nearly impossible. Thus, the time of flight diffraction method can be very accurate for
the measurement of open cracks or machined slits, but reaches its limitation in the

detection of tightly closed cracks.

The accuracy of detection of fatigue cracks can be improved by using shear waves
instead of compression waves. The signals received when using compression waves
incident on fatigue cracks can be difficult to detect, while it is possible to receive high

amplitude signals for a similar closed crack when using shear waves [17].

Whapham [41] investigated the relationship between the amplitude of signal diffracted by
a fatigue crack and the applied static load using both shear and compression waves. It
was found that although the signal amplitude decreased, the fatigue crack tip could still
be detected using either wave type. However, when the specimens were subjected to a
compressive stress, the crack tip appeared to be located several tenths of a millimeter

away from its location. This error was deemed to be negligible.

In his experiments, Temple [38] found that surface interaction in fatigue cracks in steel
did not completely disappear until a tensile stress of 88 MPa was applied to the crack.
Using TOFD with 10 MHz compression wave transducers, it was found that the

maximum decrease in signal was 13 dB for fatigue cracks under a compressive stress up
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to 70% of the loading used in the growth of the crack, or up to 2/3 of the material yield
strength. The signal may decrease further near welded joints where the material is locally
yielded from the welding process, or if a substance other than air fills the void. Temple
used stresses in his experiments that were higher than would normally be seen in practice,

and did not believe it likely that an ultrasonic signal would decrease by more than 8 dB in
the field.

2.2.8.3 Time of Flight Diffraction Testing Trials

Many detection trials have been performed on the capabilities of TOFD in locating and
sizing defects. Errors in sizing less than 0.5 mm and as small as 0.1 mm in height have

been reported [12,34,35], depending on test conditions.

Often times, for detection trials, researchers will prepare specimens with artificial defects,
such as machined slits or drilled holes. In general, these defects model actual defects
with sufficient accuracy for research purposes. Machined slits are favored over fatigue
cracks because their depth can be measured without breaking open the specimen, as is
necessary with fatigue cracks. However, it should be noted that machined slits can be
considerably wider than fatigue cracks, thus they do not experience crack closure effects,
such as transmission, like those of fatigue cracks. The amplitude of signals received from

slits is in general at least 3 dB higher than that from fatigue cracks [12].

During the development of TOFD, Silk [42] performed detection trials using various
types of slits. Experiments were performed on specimens containing slits of constant
depth, ranging from zero to 40 mm, and on specimens with stepped slits with variable
depths between 1 mm and 5 mm. For all experiments, the slits were sized accurately

within 0.2 mm to 0.3 mm.

Other researchers have found similar accuracy for the estimation of height of machined
slits using TOFD. Date [31] found average error of 0.79 mm with a standard deviation of
0.48 mm for slits ranging in height from 0.82 mm to 9.97 mm. Baby [32,43] obtained

sizing estimates within 0.1 mm in depth and 0.36 mm in length of slit for slits ranging in
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height from 0.91 mm to 19.98 mm. These three researchers performed TOFD from the

surface containing the slit.

Zippel [37] investigated the possible use of TOFD for the detection of fatigue cracks in
bridges. Saw-cut notches were introduced into the steel specimens. The probes used for
the TOFD testing were two 5 MHz compression wave transducers both mounted in a 60°
wedge. Two plates were prepared, each with 3 notches. The depth of notches in the
plates varied from 3.18 mm to 12.7 mm, with a width of 0.6 mm. The location of the
notches was found to within 5% of specified values using TOFD, which equates to 0.64
mm for the deepest slits. When scans were performed on the underside of the specimens,
that is the surface not containing the crack, crack depth, often overestimated, was found
with errors within 5%. This is a similar result to Silk [42], Baby [32,43], and Date [31].
However, when the scans were performed on the surface containing the crack, as done by
the other three researchers, the depth estimates were much less accurate, with errors up to

50% for shallow cracks.

The effect of angle on the detection of slits using TOFD was also studied by Baby
[32,43] and Date [31]. Date prepared test specimens with machined slits of varying
depths, ranging from less than 1 mm to 15 mm. Slits were introduced at two angles,
either normal to the surface or at a 30° angle, to investigate the detection capabilities for
inclined cracks. Date found that TOFD was quite accurate in sizing cracks, with little
difference between the normal and inclined cracks. Baby found that it was possible to
resolve the angular disposition of machined slits ranging in height from 5 mm to 19.82

mm with an error of less than 3°.

Yokono [44] performed a study on the capability of detecting subsurface defects using
TOFD. Each 14 mm thick steel specimen used in this experiment contained a machined
slit of height ranging from 1 mm to 3 mm at a depth of 0.5 mm to 2 mm from the surface.
Two methods of detection were used, both a single transducer configuration, and dual
transducer configuration. Both methods overestimated the depth of the cracks, however,
the dual probe method was more accurate in sizing defects than the single probe, with

errors less of than 1 mm in slit height.
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Several researchers investigated the use of TOFD to size fatigue cracks in addition to
machined slits, as fatigue cracks are the type of defect found in the field. Lidington and
Silk [45] furthered their earlier work [42] on the accuracy of TOFD by investigating
implanted fatigue cracks in steel specimens. Depths of crack ranged from approximately
7 mm to 15 mm. The depths of crack were measured at various points along the crack
length, with the TOFD probes being placed on the surface containing the crack. Overall,
the mean error in depth estimates for each specimen was 0.41 mm or less. It was found
that the error in depth measurement increased as the depth of the crack changed suddenly

along the crack length. Average error decreased for cracks with more regular profiles.

Zippel [37] introduced a fatigue crack into four plates and one full-scale plate girder. The
depth of the fatigue cracks ranged from 0.79 mm to 3.0 mm. Scans performed on the
underside of the plates yielded depth estimates with average error of 5%. Scans
performed on the surface containing the cracks, however, yielded poor estimates for the
crack depth. The crack depths were greatly overestimated, up to 8.35 times in some
cases. TOFD was performed at six times during fatigue testing of the plate girder.

Values of the depths during various testing times were found by inspecting the specimen
after failure. TOFD estimates of crack depth were found to be within 7% of the visually
determined depth of the crack.

Bloodworth [46] investigated the possible use of TOFD to size defects in the nozzle
attachment welds in a boiling water reactor. This application posed several challenges
for the TOFD method. The specimen was composed of ferritic steel with an austenitic
stainless steel cladding on the inner surface. Also, the geometry of the nozzle was
complex; thus, the TOFD transducers were not able to lie on the same flat surface.
Despite these difficulties, TOFD was able to size the defects, including fatigue cracks,
lack-of-fusion defects, and slag inclusions, within the allowable tolerance of 2.3 mm.
This error was up to 5 times as large as error found by other researchers. The specimens
used by Liddington and Silk [45] and Zippel [37] were flat plates which posed little
difficulty for the TOFD method as the transducers were able to lay on the same flat
surface. The increase in error found by Bloodworth was likely due to the complex

geometry of the specimens used.
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Golan [17] used TOFD to determine the depth of fatigue cracks in 46.8 mm thick steel
plates. TOFD was performed while the specimens were subjected to fatigue loading,
unlike other researchers who performed TOFD on specimens which were not subjected to
loading during testing. By performing TOFD during loading, the accuracy of size
estimation would be less affected by crack closure. Golan found that the diffracted signal
from the crack tip fluctuated less during cycling than the reflected signal, thus TOFD
measurements are a better estimate of fatigue crack depth than other ultrasonic methods,
such as pulse echo, which use reflected signals. Error in estimation of crack depth ranged
from 0.1 mm to 1.7 mm for the crack ranging in height from 6 mm to 9 mm, similar to

estimates made on fatigue cracks not subject to loading during testing.

Most researchers find that the accuracy of TOFD increases as the distance between the
crack tip and the scanning surface increases. Many found it difficult to size shallow
cracks from either surface of the specimen as dead zones exists near the lateral wave and
back wall echo which can mask the signal from a crack. Zippel [37] found it possible to
detect all defects with depth greater than 0.8 mm, otherwise the crack signal could not be
distinguished from the back wall echo. Yokono [44] found the dead zone of the probe to
extend only 0.5 mm when placed on the cracked surface, with all defects deeper than this
reliably detected. Baby [32,43], however, was not able to achieve these results. Baby
found it difficult to accurately size cracks less than 2 mm in depth when scanning from

the surface containing the slit due to interference from the lateral wave.

Baskaran [16] studied the use of TOFD on thin steel sections, that is those with thickness
between 6 mm and 10 mm. It is more difficult to detect and size defects in thin sections
as the accuracy of TOFD decreases as crack tips become closer to the test surface. Two
types of test samples were prepared. The first type of sample was made from 10 mm
thick aluminum plates with simulated defects, including slits and side-drilled holes. The
second type of test sample was 7 mm thick steel plate with fatigue cracks grown at a weld
toe. Baskaran found it difficult to size cracks in these thin specimens using standard
manual TOFD sizing methods. As the thickness of the specimen decreased, the signals of
interest, that is the lateral wave, back wall echo, and any indication of a defect, arrived

closer together and appeared to be superimposed, making it difficult to distinguish
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between the various signals. It was suggested that a higher frequency, above 5 MHz, be
used for testing thin sections to increase resolution. Baskaran also described the use of an
alternate technique to analyze TOFD data, the embedded signal identification technique
(ESIT). When multiple signals are superimposed, the shape of the A-scan is altered.
ESIT works to identify and separate superimposed signals at a location of interest to
better determine the time of flight of a signal from a defect. ESIT can also be used to

automatically size defects.

The average error in depth estimation for the machined flaws using 10 MHz probes was
7% of the depth of the defect. This error reduced to below 3% for the automated ESIT
technique. Average error in estimates increased considerably, to over 20%, when 5 MHz
probes were used. ESIT was also found to be superior to manual sizing of defects for the

specimens containing fatigue cracks.

2.2.8.4 Time of Flight Diffraction Operator Error

In order for TOFD to accurately size defects, these defects must first be detected.
Verkooijen [47] reports a probability of detection rate for TOFD of 82.4% with a false
call rate of 11.1% found during a project conducted for the Dutch Welding Institute. This
probability of detection is higher than for many other non-destructive testing methods,

including X-ray and manual ultrasonic methods.

Silk [48] recognized that the probability of detection and false call rates are dependent on
both the detection method and the operator. Thus, using artificially created B-scans, Silk
investigated the probability of detection and the probability of false indications based on
human performance and error. Fifty realistic B-scans were created containing a
randomly chosen type, size, and location of a single defect with varying levels of noise.
The defects were made to represent both surface breaking cracks and slag lines of depth
between 1 mm and 7 mm from the back surface of a 5 mm thick specimen. These B-
scans were analyzed by five operators, working independently, who were all experienced
in visual analysis of TOFD data. The operators were given no knowledge of the defect

characteristics before the study, they were only told that each scan contained 3 defects or
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less. Each operator recorded the location of any signal they determined to be a flaw.

They then attempted to size the supposed flaw.

For the moderate noise levels, expected in the field, the probability of detection was
100%. As expected, the probability of detection tended to fall as noise levels increased.
Detection fell to as low as 40% for very high noise levels, that is where the noise level
reached 80% of the amplitude expected from the defect. The probability of false
indication rose with increasing noise level, from 3% percent at moderate noise levels that
would be encountered in the field to 11% at very high noise levels. The probability of
detection was similar for all operators involved, however they differed in their false call

rates.

Defects were sized with an average error of 0.23 mm in depth and from 5 mm to 10 mm

in length. Errors in sizing were consistent no matter what the noise level in the scan.

Silk [49] furthered this research by creating an additional set of 26 artificial B-scans.
These scans were used to determine the capability of TOFD in estimating the profile of a
defect. Two types of defects were used: a straight profile and a curved profile open to the
back wall surface. The artificial test specimen was 50 mm thick containing one defect in
a known location. Again, five operators independently analyzed each B-scan. Each
operator used five different sizing methods for each scan. Average error in depth
estimation was 0.12 mm. Estimation of length of flaw differed greatly by method from
3.4 mm to 12.1 mm, depending on the type of defect, as some methods were more useful
for straight profiles than curved profiles, and vice versa. When multiple sizing
procedures were used in combination to exploit the strengths of each method, errors in
length estimation decreased to an average of 3.7 mm or 4.4 mm, depending on the
combination. There was little difference found between the average errors in
measurements between operators. Thus, when operators receive proper training, there

should be little error introduced into measurements due to human performance.
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2.3 Eddy Current Testing

Eddy current testing (ET), an electromagnetic testing method, was first used for non-
destructive testing by D.E. Hughes in 1879 to conduct metallurgical sorting tests [8]. It
was not until the 1940’s, however, that eddy current became widely used for NDT due to
the efforts of Friedrich Forster [50]. Today, eddy current testing is used for many
applications including finding defects in test specimens, detection of conductivity
variations in materials, determining the thickness of conductive materials or the thickness
of a non-conductive material, plating, or cladding overlaying test specimens, and finding
the spacing between conductive layers [8]. In order to use eddy current testing
successfully, only one or possibly two of the above variables can be allowed to vary,

otherwise it is difficult to determine the cause of a fluctuating eddy current signal [9].

2.3.1 Eddy Currents

Eddy currents are closed loops of current flowing in a large conductor. They are similar

in shape to the swirling eddies found when fluid flows around an obstacle. Eddy currents
are created when a conductor is subjected to a fluctuating magnetic flux. The fluctuating
magnetic flux will create a voltage in the conductor, causing current to flow, in a process

called inductance.

2.3.2 Mutual Inductance

Eddy current testing works on the basis of mutual inductance, which states that a
fluctuating current in a primary circuit will induce a voltage in an adjacent, secondary
circuit. This induced voltage will cause an induced current to flow in the secondary
circuit. The principle of mutual inductance is illustrated below in Figure 2.16 where an
alternating current generator produces a current in the primary circuit, which in turn
creates an induced current in the secondary circuit. As applied to eddy current, the
primary circuit, provided by the test probe, will induce a current in the test specimen (the

secondary circuit).

42



Primary Circuit \\ /— Secondary Circuit
Primary Cun‘entﬂ' r Induced Current

‘ y "
'mﬁ'i‘l
1

i'
i

&
“.

T
AT

ag

\\ Magnetic

Field

Figure 2.16: Mutual inductance in circuit

In ET, an alternating voltage is placed across the probe which will produce an alternating
current in the probe. This alternating current will produce an associated magnetic field,
which is concentrated around the coil, with flux lines being perpendicular to current flow.
The primary magnetic field will induce a back voltage in the coil providing added
resistance to current flow in the coil called inductive reactance. Then, the probe is placed
near the test specimen. The primary magnetic field will induce a voltage in the test
specimen which will cause eddy currents to flow perpendicular to the flux, thus parallel
to the primary current, but in the opposite direction. The eddy currents produce an
associated secondary magnetic field, which is in opposition to the primary magnetic field.
The secondary magnetic field will decrease the inductive reactance of the coil. This

process is shown in Figure 2.17.

Any changes in the eddy currents due to defects or changing material properties will
disturb the secondary magnetic field, and hence its effect on the primary magnetic field
and the inductive reactance in the coil. By monitoring the impedance of the coil, or the

coils total opposition to current flow as defined by:

Z =R+ X; (2-10)
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where Z is the amplitude of the impedance, R is the resistance of the coil, and X is the

inductive reactance of the coil, indications of defects in the test specimen can be found

[8].
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Secondary
Magnetic
Field

Figure 2.17: Mutual inductance for eddy current testing

233 Eddy Current Behavior (Defect Detection)

In order for ET to be used on a specimen, the material must have sufficient conductivity
for eddy currents to flow. Conductivity is the ability of electrons to flow in a material.
Materials with higher conductivity have a higher current flow at a given voltage than
materials with a lower conductivity. Thus, the flow of eddy currents is proportional to
the conductivity of the test specimen. Conductivity, and its inverse, resistivity, are
affected by defects, vacancies, plastic and elastic deformation, and corrosion [9]. In a
material free of defects or material property changes, eddy currents will flow in closed,
concentric circular loops as seen in Figure 2.18 (a). When an eddy current encounters a
change in conductivity, for example if a defect intersects its path, the eddy current will be
forced to flow around the defect. In general, eddy currents will take the path of least

resistance, flowing around short, deep cracks or under long, shallow cracks [8]. When
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the eddy currents flowing in the test specimen are forced to alter their path due to a
defect, the secondary magnetic field will change, causing the impedance of the coil to
change, and indicating to the operator that a defect is present. The eddy currents must be
sufficiently disturbed by the defect in order for the change in impedance of the coil to be

significant enough to be detected.

The orientation of the defect with respect to the path of the eddy currents plays a large
role in whether or not the defect will be detected. If the eddy currents encounter a defect
perpendicular to their path, the current will be greatly disturbed, and the defect is likely to
be detected, as seen in Figure 2.18 (b). However, if the defect is oriented parallel to the
eddy currents, it will not greatly disturb the path of the eddy current and it is likely to go

undetected as seen in Figure 2.18 (c).

234 Current Density and Depth of Eddy Current Penetration

Should a given defect be oriented favorably to the eddy currents, there must also exist
sufficient current density at the depth of the defect to adequately affect the impedance of
the coil for detection. Current density is at a maximum on the surface of the test
specimen and decreases exponentially with depth based on a factor called the standard

depth of penetration, 9.

The standard depth of penetration for a material is given by:

5=25% | P (2-11)
S u,

where p is the resistivity of the material, fis the frequency of current, and p, is the
relative permeability of the material. The current density at any depth can then be found

as:

1
current density = —- (2-12)
e

Thus, at one standard depth of penetration, the current density is approximately 36.8%.

The current density decreases to 5% at three standard depths of penetration, also called
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(a) Eddy currents in material free from defects

Defect

(b) Eddy currents flowing around defect oriented perpendicular to current

Defect

(c) Eddy currents in material with defect oriented parallel to current

Figure 2.18: Pattern of eddy currents flowing in test material
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the effective depth of penetration, as 5% current density is the least amount needed at the
defect depth for detection to be possible. The effective depth of penetration is also
approximately limited to the diameter of the coil. Below the effective depth of

penetration, the current density is too small to be of use for detection purposes [8].

The standard depth of penetration will decrease with decreasing resistivity, or an
increase in conductivity. A material with high conductivity yields a high sensitivity to
surface defects, but there is a low penetration of eddy currents in the test specimen. A
rise in permeability, the ability of the material to become magnetized, will also decrease
the standard depth of penetration of eddy currents. Permeability produces noise in the
eddy current output signal which increases with depth, thus eddy current testing is only
reliable at shallow depths for materials with high permeability. Permeability can be made
constant through saturation, as for ferromagnetic materials discussed below in section
2.3.8 [8]. Decreasing the frequency of the primary current can increase the depth of
penetration. However, this decreases resolution, as the smallest dimension of a defect

that can be detected is inversely proportional to the frequency of the primary current.

2.3.5 Eddy Current Equipment

The equipment necessary to perform eddy current testing includes an alternating current
generator with a measuring circuit, which can sense changes in the magnitude or phase of
the coil current or voltage, an amplifier, an output indicator and recorder, and the test

probe [9].

2.3.5.1 Probe/Coil

A eddy current testing probe consists of a length of copper or other non-ferrous metal
wire wrapped in a coil around a cylindrical tube, called a former. By coiling the wire, the
magnetic field produced by the current in the coil is concentrated, making the flux large
enough to produce eddy currents of sufficient magnitude to cause measurable changes in
impedance of the primary circuit [9]. The wire is generally wound in more than one
layer, which will increase the inductance of the coil. Thus, the coil will be able to induce

larger eddy currents in the test material with the same amount of coil current versus a coil
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made with a single layer of wire. A rise in inductance will also produce an increase in

sensitivity to small defects [50]. The inductance of the coil, L, can be approximated as:

un’ 4
/

L= (2-13)
where p is the magnetic permeability of core, 7 is the number of turns in the coil, 4 is the

cross-sectional area of the coil, and / is the length of the coil.

The former prevents the coil from deforming during use. Generally, the former is made
of a dielectric material. These coils are called “air” cores, as the permeability of a
dielectric material is approximately equal to that of air. Other core materials can be used,
such as ferrites, which have permeability greater than air. Ferrite cores can raise the
inductance of a coil by five or ten times versus an air core. These cores are useful for
testing materials which do not have variable permeability. If a ferrite cored probe is used
on a material with a variable permeability, the secondary magnetic field due to the eddy
currents could be significant enough to induce eddy currents in the ferrite core, thus the
impedance of the coil would no longer be constant and the test output would be difficult
to interpret. Coils with ferrite cores are useful for detecting defects in steel that may be
otherwise difficult to detect, as the increased inductance of the coil is able to produce
larger eddy currents in the test material which are more likely to reach buried cracks [50].
The resolution, or ability to detect and separate discrete flaws, of eddy current testing is
increased with the use of ferrite cores. The smallest flaw detectable is approximately
equal to the diameter of the coil. However, a ferrite core concentrates the magnetic flux

resulting from the primary current, and reduces the effective diameter of the coil [9].

2.3.5.2 Frequency

The range of frequency of the primary coil current can range from a minimum of 50 Hz
to a maximum of 10 MHz for different eddy current applications [8]. It is best to keep
the coil current frequency as low as possible while retaining sufficient frequency to

achieve the desired level of resolution. Lower coil currents prevent a rise in the
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temperature of the coil, which can lead to expansion of the wire and a rise in inductance

of the coil, producing adverse noise in the output signal [50].

2.3.5.3 Impedance Measurements/ Bridge Circuit

In order to measure variations in impedance or voltage across the coil during testing, a
bridge circuit is used. It is common to use Maxwell’s inductance bridge for eddy current

testing instruments [50].

Bridge circuits generally have a high sensitivity to changes in impedance [50]. Before
testing of the specimen begins, the bridge is first balanced with the probe over an area of
the material with no defects in order to get a reference signal. Then, during testing, any
measured bridge imbalance can be attributed to a defect in the specimen or a changing

material property [8].

2.3.6 Lift-off and Probe Wobble

During eddy current testing, it is important to keep lift-off, or distance between the coil
and the test specimen, as constant and as small as possible. Increased lift-off decreases
the eddy currents induced in the test specimen, and therefore also decreases the amplitude
of any change in coil current due to a defect. In order to detect a defect while using a
large lift-off, the output signal can be amplified [9]. Also, the orientation of the probe
relative to test specimen should be kept as constant as possible. By changing the
orientation of the probe, known as wobble, the operator can introduce unnecessary noise

into the signal which can make defect detection more difficult [8].

2.3.7 Output

The output signal from eddy current testing, or the impedance of the coil, is plotted in the
impedance plane. The impedance plane is a plot of inductive reactance versus resistance

of the test coil. When the coil is over a defect-free section of test material, the impedance
of the coil will be constant and will be plotted on the impedance plane at the so-called air
point. As the probe travels over a defect, or other area with a changing material property,

the point on the impedance plane will move to the new impedance of the coil through a
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unique path. The path that the point takes will be characteristic of the type of defect or

changing material property encountered [8].

Any indication of a defect will be largely qualitative, however several characteristics may
be determined from the output data. The approximate depth of the defect can be
determined, as the phase lag of the signal will increase with the depth of the defect at one
radian per standard depth of penetration [8]. The maximum impedance of the coil is only
related to the depth of the defect below the surface, it is independent of the width of the

crack.

2.3.8 Simple Calibration of Instruments

A simple calibration of the testing instruments can be done by using a test block of the
same material as the test specimen with saw cuts of various lengths made on the block
surface. The probe is positioned over a defect-free portion of the test block and the
bridge is balanced. Then, the probe is positioned over each of the saw cuts and the
amplitude of the potential difference and phase angle of the output is recorded. This data
is used to create a calibration curve for the size of the defect versus output signal for a
given frequency of primary current and input voltage. More complex methods of

calibration can also be carried out [50].

2.3.9 Testing of Ferromagnetic Materials

Ferromagnetic materials, such as steel, need special treatment during eddy current testing
in order for testing to be successful. The concept of ferromagnetism is based on the
Bohr-Sommerfeld atomic model which states that electrons orbit around the positively
charged nucleus in certain circular or elliptical orbits. Each orbiting electron spinning on
its axis forms a magnet with the sign of the magnetic field dependent on the direction of
the spin. In most materials, there are an equal number of electrons spinning in each
direction which cancel each other out, thus the material is not magnetic. In ferromagnetic
materials, however, there exist unpaired electrons which line up parallel to each other on
the atomic level in regions called domains. These domains are generally randomly

oriented, thus there will be no net magnetic field and the material will not be magnetic.
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The presence of an external magnetic field will cause these domains to line up parallel to

each other and the material will become magnetized [9].

Ferromagnetic materials have a high and often non-constant permeability, or ability to be
magnetized. This variable permeability allows for little penetration by eddy currents into
the material and introduces excess noise into the signal which can mask defects while
testing. In order to successfully test ferromagnetic materials using eddy current, the
material must first be saturated, where any increase in magnetizing force produces
negligible increase in the magnetic field produced by the test specimen, or at least a
magnetic bias must be applied. Saturation makes the permeability of the material
constant which allows for greater penetration of the eddy currents and decreased noise in
the signal, while a magnetic bias will only reduce permeability, but not to the point of
saturation. In order to apply a magnetic bias to a ferromagnetic material, an additional

direct current coil is used [9].

2.3.10 Advantages/Limitations

Eddy current testing has several advantages over the other methods of non-destructive

testing. Eddy current is useful for locating surface or near surface defects in conductive
materials, with a high sensitivity to small defects. There is no contact required between
the probe and the test specimen. Eddy current testing requires no surface preparation of
the test specimen or couplant between the probe and specimen [8]. Also, the equipment

required for eddy current testing is relatively low cost and can be portable [9].

There are several limitations or disadvantages of eddy current testing as well. The test
specimen must be conductive, which greatly limits the possible applications of eddy
current testing. Any indication of a discontinuity is largely qualitative, and it is difficult
to determine the dimensions of the defect [9]. Eddy current testing is only able to detect
surface or near surface defects up to a depth generally on the order of a few millimeters,
making it impossible to detect deeper buried defects in thicker materials [8]. Also,
ferromagnetic materials must be magnetically biased or saturated before testing and then
usually demagnetized after testing to prevent debris from being attracted to the specimen,

which increases the testing time [9].

51



3 EXPERIMENTAL PROCEDURE

Testing was performed to determine the feasibility of correlating crack lengths estimated
using non-destructive testing to the remaining fatigue life of welded joints. Fatigue tests
were conducted on large-scale specimens which realistically modeled details found in
ship hulls. Ultrasonic non-destructive testing was performed three times during testing to
determine the extent of fatigue cracking. After the final UT investigation, the fatigue

testing was continued until failure of several attachments occurred.

3.1 Test Specimens

Three similar test specimens, Specimens A, B and C, were tested in this project. The
specimens were models of a simple girder with eight non-load-bearing attachments.
These attachments represented transverse plates with rib attachments as in a typical ship
detail. Each specimen was made from a W10 x 30 wide-flange section approximately
3.5 meters long, as shown in Figure 3.1. A photograph of a typical specimen is shown in
Figure 3.2. A572 Grade 50 structural steel was used to construct the specimens, as this
steel is similar to the steel used in ship structures. The specimens each had eight
attachments fillet welded to their flanges, four each on the top and bottom flange,
symmetrically placed. The attachments were WT6 x 9.5 rolled tee sections
approximately 152 mm in length. The tee sections had a 9 mm thick flange with a 6 mm
thick web. The tees were welded to the 13 mm thick flanges of the W 10 x 30 beam
using an 8 mm fillet weld, which extended around the entire perimeter of the tee section.
The attachments were placed such that the web of the tee aligned with the web of the
beam. The clear distance between the tees was 305 mm. This distance was chosen to
ensure that there was no interaction between the attachments during testing and that
fatigue cracking of one tee would not affect adjacent attachments. The numbering of tee
attachments is shown in Figure 3.3. An error was made in the fabrication of Specimen C,
with Tee 4 being placed 150 mm closer to the beam center than intended. This error did

not affect testing of the specimen.

53



1118mm

7 24mm

Load point*\

34 5dmm
305mm ~—

ﬁMidpomt of beamn ﬁLoad point

\ 152mm .

— Support ]

[.ocation \—WTSXQ. 5 attachment

W10x30 See detail shown below

(typical)

f 521mm
203mim

39%4mm

& 10mm

NOTE: Symmetric about midpoint

(a) Typical specimen, showing load, reaction points and attachment details

8 mm

102mm

,
I

~a— 1 54mm —=

(b) Weld detail for WT6 x 9.5tee-section attachment

Figure 3.1: Typical specimen
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Figure 3.2: Photograph of typical specimen
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Figure 3.3: Numbering of tee attachments

Specimens A and B were originally used in Project SSC-425 on the Fatigue Strength and
Adequacy of Weld Repairs [51]. In the course of this previous project, these two
specimens were treated with hammer peening of the weld toes. The weld toes of all of
the attachment details of both Specimens A and B were hammer peened with a chisel tool

approximately 13 mm wide with a 3 mm radius at the tip. Normal shop air,



approximately 450 KPa, was used to run the peening hammer. The peening hammer was
passed over each weld toe four times, determined to be the optimal number of passes in a
study by Knight [52]. During the course of Project SSC-425, Specimens A and B
underwent fatigue cycles at a stress range of 100 MPa. One of the specimens was
subjected to 2,666,079 cycles, while the other specimen underwent only 2,000,000
cycles. At the beginning of the current project, it was not possible to identify which
specimen was the one with more fatigue cycles, as no labeling was left on the specimen
at the end of the previous project. At the end of Project SSC-425 Specimens A and B had

no visible signs of cracking.

The third specimen, Specimen C, was fabricated for the current project from excess
materials from Project SSC-425. The weld toes of the attachments on this specimen were
not subjected to hammer peening. This specimen was newly fabricated, and thus had not

undergone fatigue cycles prior to the start of this project, unlike the other two specimens.

3.2 Test Set Up

Each specimen was loaded in four-point bending as shown in Figure 3.4. A photograph
of the load frame with a specimen in place is shown in Figure 3.5. The specimens
spanned 3,050 mm between outer supports. The load was applied with a 342 kN
hydraulic actuator through a spreader beam to the two load points, located 521 mm inside
the outer supports. Rollers were clamped to the beam at the support locations and the
load points, as shown in Figure 3.6. These rollers simulated the ideal boundary
conditions of a roller. By loading the beam in four-point-bending, all of the eight
attachments were in the constant moment region of the beam, subjecting all of the

attachments to an equal stress range.

3.3 Static Calibration

The specimens were tested statically to ensure that the proper stress range was being
achieved, and that the beam was behaving as predicted by typical strength of material
relationships. That is, all of the attachments were being subjected to the same stress

range during testing and that the stress was linear through the cross section of the beam

56



with the neutral axis at mid-depth of the beam. In order to investigate the stress
distribution within the beam, strain gauges were placed on Specimens B and C as shown
in Figure 3.7. It was assumed that the Young’s modulus of the beam was 200 GPa for all
calculations. There was good agreement between the predicted and measured stresses in
the beam, as can be seen in Tables 3.1 for Specimen B and Table 3.2 for Specimen C.
Figures 3.8 and 3.9 show that the stress distribution through the cross section of the beam
(gauges 1, 2, 3, and 4) was linear as expected for Specimens B and C, respectively.
Figures 3.10 and 3.11 show the stress at the extreme fiber along the length of the beam
(gauges 1, 5, 6, and 7) for Specimens B and C, respectively. There was a fairly constant
moment region encompassing the tee attachments, consistent with the strength of material

predictions.
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Figure 3.4: Load frame
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Figure 3.7: Strain gauge layout

Table 3.1: Comparison of predicted versus measured stress in Specimen B at points of

maximum loading, with maximum moment of 53.0 kN-m

Actuator in Compression

Actuator in Tension

Calculated Stress

Measured Stress

Calculated Stress

Measured Stress

Location (MPa) (MPa) (MPa) (MPa)
Gauge 1 100 98.42 -100 -98.65
Gauge 2 33 31.53 -33 -31.61
Gauge 3 -42.8 -40.96 42.8 41.06
Gauge 4 -100 -98.77 100 99.00
Gauge 5 100 99.12 -100 -99.36
Gauge 6 100 102.23 -100 -102.48
Gauge 7 50 50.41 -50 -50.53
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Table 3.2: Comparison of predicted versus measured stress in Specimen C at points of
maximum loading, with maximum moment of 26.5 kN-m

Actuator in Compression

Actuator in Tension

Calculated Stress | Measured Stress | Calculated Stress | Measured Stress
Location (MPa) (MPa) (MPa) (MPa)
Gauge 1 50 48.88 -50 -48.84
Gauge 2 16.5 15.81 -16.5 -15.79
Gauge 3 214 -20.31 214 20.30
Gauge 4 -50 -49.20 50 49.16
Gauge 5 50 50.26 -50 -50.21
Gauge 6 50 50.32 -50 -50.27
Gauge 7 25 26.08 -25 -26.06
100 A
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Figure 3.8: Stress distribution through beam cross section for Specimen B, at maximum
moment of 53 kN-m
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Figure 3.9: Stress distribution through beam cross-section for Specimen C, at maximum
moment of 26.5 kN-m
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Figure 3.11: Stress along length of beam for Specimen C, at maximum moment of
26.5 kN-m

3.4 Fatigue Test Procedure

The specimens underwent reversed cyclic loading (R = -1.0) to produce fatigue cracking.
Specimen C, the newly fabricated specimen, and Specimen A were subjected to a load
range of 220 kN (+/- 110 kN) at 1.25 Hz, which produced a maximum nominal stress
range of 100 MPa (+/- 50 MPa) at the attachments. Previously, in the course of similar
testing for project SSC-425, it was found that at this load range, the expected life of the
non-hammer peened specimen was approximately one million cycles. Specimens A and
B have already undergone at least two million fatigue cycles at a stress range of 100
MPa, with no visible cracks detected. Thus, the load range for Specimen B was doubled
to 440 kN (+/- 220 kN), producing a nominal stress range of 200 MPa at the attachment
details, in hopes that failure would be reached. Initially, both Specimens A and B were to
be subjected to this higher load range, however after Specimen B suffered a fracture early
in the course of fatigue testing for this project, it was decided that the load range applied
to Specimen A, and any remaining cycles done on Specimen B, would be reduced to 220

kN.
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Throughout fatigue testing, the specimens were closely monitored for visible signs of
fatigue cracking and failure. Failure at an attachment was defined as a through-thickness
crack of at least 50 mm in length along the weld toe. Cracking was expected to occur at
both the stem and the web of the attachment details. Figure 3.12 shows typical cracks at
the attachment details. A white curve approximating the crack outline slightly offset
from the crack was added to the photographs in Figure 3.12 to aid the reader in

identifying the crack locations.

3.5 Weld Repair Procedure

Weld repair was performed on any attachments that reached failure before testing was
completed in order to continue fatigue testing and produce failure at additional
attachments. Two sided weld repairs were performed at each of the failed sections. The
first step of the repair was to drill an 18 mm hole in the web of the beam at the crack tip.
This hole was drilled approximately 5 mm past the apparent location of the crack tip to
allow for errors in estimation of the crack length and ensure that the tip of the crack was
removed. Next, carbon air-arc gouging was used to create an access hole by enlarging
the drilled hole. Access holes were oval in shape, approximately 50 mm long and 30 mm
wide. All welding was done using the shielded metal arc welding process (SMAW) with
E7018 electrodes. The top of the crack was gouged out to form a vee-shaped groove.
This groove was then filled with 4 to 6 passes. The bottom of the crack and the root of
the weld were then arc gouged to approximately three-quarters of the beam flange

thickness to form a vee-shaped grove. Again, this groove was filled with 4 to 6 passes.

The weld toes of each repair were hammer peened to increase the life of the section. A

completed weld repair is shown in Figure 3.13.
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/ Beam Flange

(c) Through thickness extent of crack on Specimen C at flange of Tee 4

Figure 3.12: Typical crack at failure of attachment
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(b) Repair of web side of beam flange, Specimen C at flange of Tee 4

Figure 3.13: Typical repair weld
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3.6 Non-Destructive Testing Procedure

Ultrasonic testing was performed three times during the course of this project by an
American Society of Nondestructive Testing (ASNT) level III certified operator. The
specimens were tested using two UT procedures: time of flight diffraction and linear
phased array. During each round of UT, the areas where fatigue cracking was predicted,
both the stem and flange of the tees, were inspected. The specimens were tested initially,
prior to any cycling associated with the current project, to produce a baseline
measurement. At this time, only time of flight diffraction was used. Originally, eddy
current testing was to be used as the second method of NDT for this project. After the
first NDT, it was found that the capabilities of eddy current testing were limited in this
application because the geometry of the attachments and welds led to excessive probe lift
off and wobble. Therefore it was not be feasible to use eddy current methods to detect
fatigue cracks in the welds. Thus, linear phased array ultrasonic testing replaced eddy
current testing and was used for the remaining two inspections. The specimens were
tested a second time during the course of the project, after the first crack appeared or after
approximately half a million cycles, whichever came first. A final UT was done when
either failure of an attachment detail was reached, or the specimen reached 1 million
cycles, whichever came first. Table 3.3 shows the number of cycles on each specimen

for each round of UT. NDT results are presented in Chapter 4.

Table 3.3: Number of cycles undergone by each specimen at each round of NDT

Number of Cycles at Number of Cycles at Number of Cycles at
Specimen | First NDT (Baseline) | Second NDT (Midlife) Final NDT
A 2,000,000" 709,419b 1,209,419b
B 2,000,000" 386,648" 1,000,000°
C 0 368,395 645,020
a Cycles from previous project SSC-425, one specimen, either A or B underwent 2,666,079 cycles,

while the other specimen underwent 2,000,000 cycles

b Number of cycles undergone during current project
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3.6.1 Linear Phased Array Procedure

The LPA testing of the specimens was done with a single linear 32-element probe, which
acted as both transmitter and receiver. This probe was mounted on a 45-degree wedge.
Shear waves were used for the LPA testing. The sound beam was focused at a distance

of 13 mm, which was the full depth of the beam flange.

Only the flanges of the tee attachments were scanned using LPA. To perform LPA
testing, the probe was placed on the underside of the beam flange, the side not containing
the attachment. The probe was first placed as close to the web of the beam as possible.
Then, the probe was moved parallel to the flange of the tee. At numerous locations along
the flange, the beam was swept from an angle of 30° to 88° in one-degree increments to
create an S-scan of the cross section. The probe was attached to an encoder which
tracked the position of the probe allowing for the collection of data versus position on the
specimen. Two scans were performed to cover the entire flange area. The area covered
by each LPA scan in shown in Figure 3.14. The equipment used for the linear phased

array testing is shown in Figure 3.15.
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Figure 3.14: Area covered by each LPA scan
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(b) Linear phased array probe and encoder

Figure 3.15: Linear phased array testing equipment
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3.6.2 Time of Flight Diffraction Procedure

To perform time of flight diffraction testing on the specimens, dual transducers were used
in a pitch-catch configuration. The transducers were mounted on a frame to keep them at
a constant spacing during testing. The transmitting transducer introduced compression
waves into the beam at a frequency of 10 MHz. Each of the two transducers was
mounted in a 60-degree wedge. Two different offsets, or angle of skew transverse to the
line between the transducers, were used during testing, both a zero degree and a 19°
offset. The scans were performed by placing the transducers on the underside of the
specimen flange, that is the side not containing the fillet weld. The transducer frame was
attached to an encoder, which tracked the position of the transducers along the beam.
This allowed for a B- or D-scan to be created from which the positions of defects along
the weld toe were determined. The equipment used to perform the TOFD testing is

shown in Figure 3.16.

Several scans of the tee attachments were performed. One scan was done along the
flange of each tee attachment on either side of the beam web. To scan the tee flange, the
transducers were placed such that the line connecting the transducers was transverse to
the flange, as seen in Figure 3.17 (a). The transducers were then drawn along the beam
surface parallel to the flange of the tee to obtain a D-scan of the fillet weld toe. In order
to detect cracking along the weld toe of the stem of the tee, two similar scans were
performed. For each of the scans along the tee stem, the transducers were placed as close
to the beam web as possible with the line connecting the transducers parallel to the stem.
The transducers were then drawn along the beam parallel to the tee stem to obtain a B-
scan of the area, as seen in Figure 3.17 (b). This scan was performed from both sides of
the beam web. Two transducer configurations, both a 0° and a 19 © offset, were used in
the scans of the tee stem in order to detect cracking. The 19° offset scan was used to
capture any cracking that may be occurring in line with the beam web, an area that may
not be completely visible during the zero offset scan. The area covered by each scan is
seen in Figure 3.18. Through analysis of these scans, the crack depths at each location of

interest were estimated.
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(b) TOFD equipment used for scanning flange of tee attachments

Figure 3.16: TOFD testing equipment
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3.6.3 Dye Penetrant Testing

Dye penetrant testing was performed periodically during fatigue cycling to monitor the
specimens for signs of visible cracking. To perform dye penetrant testing, the specimen
was first cleaned to remove any debris or residue. A red dye was sprayed on the area of
interest and allowed to sit for several minutes. Then, the area was again wiped clean.
Finally, a developer was sprayed on the test surface. When surface breaking cracks
existed, the dye seeped out of the cracks staining the white developer so cracking could

be identified and measured.

3.7 Fatigue Testing History

During fatigue testing, each specimen was monitored closely for cracking. The detailed

fatigue history of each specimen is described in the following sections.

3.7.1 Specimen A

A tabulated fatigue history of Specimen A is found in Table 3.4. The weld toes of
Specimen A were hammer peened. This greatly increased the fatigue life of this
specimen over the non-hammer peened specimen. As part of Project SSC-425, this
specimen underwent at least 2 million fatigue cycles at a stress range of 100 MPa.
Specimen A had no visible signs of cracking at the end of Project SSC-425. As part of
the current project, this specimen underwent an additional 5,932,869 cycles, all at a stress
range of 100 MPa. During the first round of fatigue testing for this project, Specimen A
was subjected to 709,419 cycles. No visible cracking was found in the specimen at that

time.

During the second round of fatigue testing, Specimen A was subjected to an additional
500,000 fatigue cycles, for a total of 1,209,419 cycles. There were no visible signs of
cracking at the end of this period.

After 3,063,309 total cycles, visible signs of cracking were found at the stem of Tee 1.
The crack at the stem of Tee 1 grew to become a through thickness crack 50 mm in
length after 5,932,869 total cycles, at which time fatigue testing was ended. This was the
only failure suffered by Specimen A during this project.
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Table 3.4: Fatigue history of Specimen A

Cycle Count” Event

Baseline NDT

Begin fatigue testing at stress range of 100 MPa

709,419 Second NDT (no visible cracking)

1,209,419 Final NDT (no visible cracking)

Failure at Stem of Tee 1, 50 mm through thickness length
5,932,869

End of cycling

a Includes only cycles endured during the current project

3.7.2 Specimen B

A tabulated fatigue history of Specimen B is found in Table 3.5. As with Specimen A,
Specimen B underwent fatigue cycles during the course of testing for Project SSC-425 at
a stress range of 100 MPa. During the first round of fatigue testing for the current
project, Specimen B was subjected to a load range of 440 kN, for a stress range of 200
MPa, in order to assure that the attachments reached failure. After 386,648 cycles, this
beam suffered a fracture at Tee 3. A crack originating at the weld toe along the flange of
Tee 3 severed the entire flange of the beam and propagated 7.5 cm into the beam web, as
seen in Figure 3.19. There was no visible indication of cracking prior to the failure of
this attachment. In order to continue cycling this beam, the fractured portion was
repaired as described in Section 3.5. In addition to the two-sided weld repair of the
flange, however, a two-sided weld repair of the cracked portion of the web was also
necessary. Photos of this weld repair are shown in Figure 3.20. There were no visible
indications of cracking, besides the obvious fracture at Tee 3 at the time of the second

round of NDT.

After the first round of fatigue testing, it was decided to cycle Specimen B at a reduced
stress range to prevent another fracture. The stress range was reduced to 100 MPa, which
was the stress range applied to both of the other specimens in the project. During the
second round of testing, 613,352 cycles were put on specimen B at this lowered stress

range. Thus, Specimen B was subjected to a total of one million cycles before the final
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NDT, however at differing stress ranges. At the time of the final NDT, there were no

visible signs of cracking in Specimen B.

After the final NDT, an additional 1,695,748 cycles, were put on Specimen B before any
visible signs of cracking were found. At this point, the specimen suffered from a large,
rapidly growing crack, similar to the crack that formed earlier in testing. The stem of Tee
8 cracked along the root of the weld, severing the entire right side of the beam flange,
extending 50 mm through the left side of the beam flange and 45 mm into the beam web.

This crack was repaired as described in Section 3.5 before cycling continued.

Visible signs of cracking began to appear after 2,825,568 cycles. Three visible cracks
appeared on Specimen B before the end of the project, at the stems of Tees 5 and 6 and
the flange of Tee 6. None of these cracks grew to become through thickness cracks
before the end of cycling. After 4,765,176 cycles, the repair weld at the stem of Tee 8

suffered a failure and cycling was ended.

Table 3.5: Fatigue history of Specimen B

Cycle Count® Event

Baseline NDT
Begin fatigue testing at stress range of 200 MPa

0

Failure at flange of Tee 3 (completely severed beam flange, cracked
75 mm into beam web), repaired

Second NDT
Reduce stress range to 100 MPa

386,648

1,000,000 Final NDT (no visible cracking)

Failure at stem of Tee 8 (severed right side of beam flange and 50 mm

2,695,748 left side of beam flange, cracked 45 mm into web), repaired

2,825,568 Visible crack at stem of Tee 5

4,021,108 Visible crack at flange of Tee 6

4,189,688 Visible crack at stem of Tee 6

4,765,176 Failure at stem of Tee 8 (repair weld)

End of cycling

a Includes only cycles endured during the current project
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(b) Crack in beam web

Figure 3.19: Crack in flange of Specimen B at flange of Tee 3
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(a) Weld repair of beam flange

(b) Weld repair of beam web

Figure 3.20: Weld repair of large crack in Specimen B at flange of Tee 3
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3.7.3 Specimen C

A tabulated fatigue history of Specimen C is found in Table 3.6. Specimen C was the
only non-hammer peened specimen, thus the fatigue life of this specimen was
considerably less than that of the other two specimens, both of which were hammer-
peened. At the beginning of this project, Specimen C was newly fabricated, thus it had
not undergone any fatigue cycles before the baseline NDT. At the end of the first round
of fatigue testing, 386,395 fatigue cycles had been applied to Specimen C. At that time, a
small visible crack was found along the weld toe at the stem of Tee 6. This was assumed
to be the approximate midlife of the specimen. Then, an additional 276,625 cycles were
applied to Specimen C after the second round of NDT. During this time, many visible
surface cracks formed at the attachment details. Visible cracks were detected at 15
locations on the beam, that is at the stem of each tee, and at the flange of all tees with the
exception of Tee 5. These cracks varied in length between 30 and 60 mm along the weld
toe. However, only one crack grew through the entire thickness of the beam flange, at
the flange of Tee 4. The second round of fatigue testing was ended when this crack grew
to become 50 mm in through thickness length, which was considered the end of the

attachment fatigue life.

After the final round of NDT, the crack at the flange of Tee 4 was repaired as described
in Section 3.5 and fatigue cycling continued. After an additional 61,800 fatigue cycles,
or 706,820 total cycles, through thickness cracks 50 mm in length had formed at the stem

of Tees 3, 6 and 8. These three crack locations were repaired.

Testing was continued for an additional 114,114 cycles, for a total of 820,934 cycles.
After 777,820 cycles, failure was reached at the flange of Tee 6. This crack was not
repaired. Cycling was continued until the crack nearly severed the beam flange, at which
time it was impossible to continue cycling without performing repairs. During that time,
three additional through thickness cracks formed and failure was reached at the flange of

Tee 1 and the stem of Tees 2 and 7.
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Table 3.6: Fatigue history of Specimen C

Cycle Count Event
Baseline NDT
0
Begin fatigue testing at stress range of 200 MPa
Visible crack at stem of Tee 6
368,395
Second NDT
375,129 Visible cracks at stem of Tees 2, 3, and 7
395,655 Visible cracks at stem and flange of Tee 4
415,095 Visible cracks at stem of Tees 1, 5, and 8
427,230 Visible crack at flange of Tee 6
445,295 Visible cracks at flange of Tees 1, 2, 3, 7, and 8
645.020 Failure at flange of Tee 4, 50 mm through thickness length, repaired
’ Final NDT
Failure at stem of Tees 3, 6 and 8, all 50 mm through thickness length,
706,820 .
repaired
777,820 Failure at flange of Tee 6, 50 mm through thickness length
Failure at stem of Tees 2 and 7, and flange of Tee 1, all 50 mm
820,934 through thickness length

End of cycling
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4 TESTING RESULTS

The results of both fatigue testing and NDT are presented. The NDT measurements are
correlated as best as possible with the remaining life of the attachment details as

described below.

4.1 Fatigue Testing Results

Failure was reached at eleven total locations on the three beams. Specimen B, a hammer-
peened specimen failed at two locations. Specimen A, the other hammer-peened
specimen failed at one location during the course of testing. Specimen C, the non-
hammer-peened specimen failed at eight locations. The locations of failure with the
number of cycles at failure can be found in Tables 4.1 to 4.3 for Specimens A, B, and C,

respectively.

Specimen C was monitored throughout testing for visual signs of cracking during fatigue
testing. Surface crack lengths were measured several times during testing. It was
observed that the fatigue cracks growing on the flange side of the attachments would
grow to large lengths, extending along a large portion of the weld toe, which extends
most of the width of the beam flange. These cracks would grow rapidly on the outer
surface of the flange, then the growth rate would appear to slow, which likely indicated
that the crack was growing through the thickness of the beam flange. Once the crack
broke through to the inner surface, failure was rapid as the length of the crack on the
inner surface of the beam flange extended to the length of the crack as seen from the
outer surface. The cracks growing at the tee stems, however, behaved somewhat
differently due to the different geometry. These cracks still grew rapidly to extend along
the length of the weld toe, which is much shorter than for the tee flange. Then, the
growth rate of the surface crack would slow until the crack grew to be through thickness.
Once the crack grew through the thickness of the beam flange, it appeared to grow at a
similar rate on both the outer and inner surfaces of the beam flange. All cracks appeared
to grow roughly symmetrically over the beam web. Figure 4.1 shows the crack length
versus number of cycles for Specimen C for the locations that reached failure during the

course of testing. As can be seen, the fatigue cracks grew in a consistent manner.
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Table 4.1 NDT results for Specimen A

Crack Depth (mm)
Second NDT Final NDT
Cycles at (709,419 cycles) (1,209,419 cycles)
Location Failure TOFD LPA TOFD LPA
Tee 1-Flange | 5,932,869 1.17
Tee 1-Stem -- 1.14 --
Tee 2-Flange
Tee 2-Stem -- -
Tee 3-Flange 0.79
Tee 3-Stem -- 0.2 --
Tee 4-Flange 2.67 1.65
Tee 4-Stem -- --
Tee 5-Flange 2.08 1.27
Tee 5-Stem -- --
Tee 6-Flange
Tee 6-Stem -- -
Tee 7-Flange 2.72 2.54
Tee 7-Stem 0.2 -- 0.2 --
Tee 8-Flange 0.13 1.67
Tee 8-Stem -- 0.2 --

-- No LPA scan performed at this location
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Table 4.2 NDT results for Specimen B

Crack Depth (mm)
Second NDT Final NDT
Cycles at (386,648 cycles) (1,000,000 cycles)
Location Failure TOFD LPA TOFD LPA

Tee 1-Flange

Tee 1-Stem -- 2.49 --
Tee 2-Flange 3.07

Tee 2-Stem -- --
Tee 3-Flange 386,648

Tee 3-Stem -- --

Possible

Tee 4-Flange 1.37 Indication
Tee 4-Stem -- 1.52 --
Tee 5-Flange 4.42

Tee 5-Stem -- 0.69 --
Tee 6-Flange 0.25

Tee 6-Stem -- 0.38 --
Tee 7-Flange 0.25

Tee 7-Stem -- --

Possible

Tee 8-Flange 0.86 Indication
Tee 8-Stem 2,695,748 0.76 -- 0.76 --

No LPA scan performed at this location
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Table 4.3 NDT results for Specimen C

Crack Dimension (mm)

Second NDT
(368,395 cycles)

Final NDT

645,020 cycles)

Surface Surface
Cyclesat | TOFD | LPA | Crack | TOFD LPA Crack

Location | Failure | Depth | Depth | Length | Depth | Depth Length
Tee 1-Flange| 820,934 0.25 25
Tee 1-Stem 0.48 -- 3.18 -- 40
Tee 2-Flange 1.52 1.27 30
Tee 2-Stem | 820,934 - 2.11 -- 30
Tee 3-Flange 25
Tee 3-Stem | 706,820 -- - 30

Possible | Failed and

Tee 4-Flange | 645,020 N/A |Indication | Repaired

Tee 4-Stem -- 3.4 -- 30
Possible

Tee 5-Flange 0.25 |Indication 0
Tee 5-Stem -- 4.78 -- 20
Tee 6-Flange| 777,820 1.8 50
Tee 6-Stem | 706,820 - 10 4.78 -- 30
Tee 7-Flange 0.13 0.13 1.27 38
Tee 7-Stem | 820,934 - 2.95 -- 25
Tee 8-Flange 3.2 3.18 50
Tee 8-Stem | 706,820 1.14 -- 3.05 -- 40

-- No LPA scan performed at this location
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Figure 4.1: Number of cycles vs. surface length for attachments on Specimen C

4.2 Non-Destructive Testing Results

No indication of cracking was found during the baseline UT inspection for any of the
three specimens. Indications of cracking were found at various locations on all
specimens during the second UT inspection. Numerous indications of cracking were
found during the final UT inspection, especially for Specimen C, the non-hammer peened
specimen, which suffered eight failures. A tabulated summary of the results of NDT
testing is found in Tables 4.1 to 4.3 for the three specimens. Because the UT inspections
were performed from the inner side of the beam flange, several scans were needed to
cover a single area of interest due to the beam web. The area covered by each scan is
seen in Figures 3.14 and 3.18 for LPA and TOFD, respectively. Thus, there was the
potential for a crack at a single tee flange to appear on two scans for each UT method,
and three TOFD scans for the stem of tees. Tables 4.1 through 4.3 include only the
largest crack depth found at a single location over the various scans. Also included in
Table 4.3 are any visual indications of cracking at the time of UT found using dye

penetrant testing for Specimen C. There were no visual indications of cracking before
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failure for Specimens A or B. Full NDT results including indications of cracking from

each scan are found in the Appendix Tables A.1 to A.9.

The TOFD method appears to be much more receptive to the type of cracking found in
this application than LPA. LPA found no indication of cracking during the second NDT
investigation and only five indications of cracking at the flange side of an attachment
over the three specimens during the final NDT investigation. In contrast, TOFD found
indications of cracking at eight locations over the three specimens during the second
NDT investigation, four each on a stem and a flange side of an attachment. Indications
were found at 33 locations, 17 at the flange of a tee and 16 at the stem of a tee, during the
final NDT investigation using TOFD. At 13 locations over the three NDT investigations,
LPA failed to detect a crack where TOFD found an indication. At three additional
locations, LPA found only a possible indication of cracking while TOFD found a

definitive indication.

At only five locations, during the final NDT investigation, did both TOFD and LPA find
a quantifiable indication of cracking. The relationship between the crack depths found
using the two UT methods at these five locations was not strong, as shown in Figure 4.2.
The square of the correlation coefficient from a linear fit of the crack depths between the
two methods was only 0.50. Ideally, this relationship should be one-to-one with a slope

of unity, assuming that the crack was detectable by both methods.

Other inconsistencies in the UT data were found. On two scans of the specimens, the
flange right scan of Tee 3 of Specimen A and the flange right scan of Tee 2 of Specimen
C, there was an indication of cracking during the second TOFD investigation, which did
not appear during the final TOFD investigation. At three locations on Specimen C,
TOFD was unable to detect a crack which was visible from the beam surface. These
visible cracks were located at the stem of Tee 6 during the second TOFD investigation,
and during the third TOFD investigation at both the flange and stem of Tee 3. The
visible crack at the flange of Tee 3 also went undetected by LPA.

84



3.5

—_ 37
£
g .
= 2.5 4
=)
[=H
8]
=N
T
= R =0.5036 .
©
g 15
o
S < ]
8]
=T — _
< & Specimen A Tee 4
ay M Specimen ATee 5
;J 05 A Specimen ATee7
’ & Specimen C Tee 7
O Specimen C Tee 8
0 —Linear (all)
0 0.5 1 1.5 2 2.5 3 3.5

TOFD Determined Depth (mm)
Figure 4.2: Depth of crack found using TOFD vs. LPA

It is possible the fatigue cracks in this study were subject to crack closure, which leads to
transmission of ultrasonic energy through the crack and a lower amplitude signal returned
to the transducer. Golan [17] found that the signal from a closed fatigue crack could be
lower by tens of decibels than open cracks. Temple [38] found that surface interaction,
which allows for transmission, could occur with applied tensile stresses up to 88 MPa.

As the specimens in this project were under no load at the time of ultrasonic testing, there
was likely enough surface interaction for transmission to be problematic. This
transmission could account for the limited results found by LPA which is dependent on
the amplitude of a reflected signal for the detection and characterization of defects. Past
researchers have found difficulty in sizing fatigue cracks using LPA with error of less
than 3 mm in depth [19]. TOFD is less sensitive to crack closure effects, as it is not
dependent on the amplitude of a returned signal. However, if the amplitude of the signal
from a closed crack was reduced to the point of the noise level, the crack could have gone
undetected. This crack closure effect could be responsible for the failure of TOFD to

detect the three visible cracks.
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The accuracy and reliability of any non-destructive testing method is dependent on both
the method itself and the operator performing the testing. Silk [48,49] found that when
an operator is properly trained in the performance and analysis of TOFD, the probability
of a defect being detected and characterized accurately is not dependent on the
capabilities of the operator. Shipp [29] found similar results for LPA. Thus, the large
amount of variability and inconsistencies in the UT data found in this study are likely
method dependent, not operator error. The results presented give a reasonable
representation of results that would be obtained using TOFD and LPA in practice for this

application.

LPA detected few defects during testing and found no indications of cracking at locations
which failed. Because of this lack of defect detection, and the supporting evidence in the
literature review that LPA is probably not the appropriate method for measuring fatigue

crack growth, it will not be discussed further in this chapter.

4.3 Correlation of TOFD Results to Remaining Fatigue Life

Data of crack depth found using TOFD versus cycles to failure of an attachment was
collected. Only the largest depth of crack at a single location was used in the correlation

efforts.

It can be seen from Figure 4.3 that using the small amount of data collected, only seven
data points, some correlation was found between the depth of crack found using TOFD
with the remaining fatigue life for this configuration of a non hammer-peened welded
joint. Using a linear regression, the R* value was found to be 0.42. The correlation is
somewhat better when only the data representing the failure at the stem side of the tee
attachment is considered (five data points), increasing the R* value to 0.74. On the two
occasions where multiple attachment details failed at the same time, it can be seen that
the difference in TOFD indication of depth is over 13% of the beam flange depth. There
appears to be a general trend to the data, but with so few data points conclusions cannot
be drawn. This method of correlation does not seem viable for the given application,
however it may be proved feasible to use TOFD for the prediction of remaining fatigue

life with additional testing.
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There was too little data to determine if there was a correlation between the TOFD data
and the remaining life of the hammer-peened detail as only three locations reached failure

during the course of fatigue testing, shown in Figure 4.4.

4.4 Correlation of Visual Observations to Remaining Fatigue Life

The relationship between the visual observations of surface crack length and the
remaining fatigue life of the attachment was investigated. As shown in Figure 4.5, there
was a strong linear relationship between these two quantities with an R* value of 0.71.
Again, as for the TOFD data, the correlation improved when the data was split into stems
of attachment which produced an R* value of 0.81 and flanges of attachments which

produced an R? value of 0.85.
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4.5 Correlation Between TOFD Measurements and Visual
Observations
The relationship between the crack dimensions found using TOFD and those from visual
observations was studied. It was expected that there would be a strong relationship
between the crack length and crack depth as the fatigue cracks were seen to grow in a
consistent manner. However, as seen in Figure 4.6, there was a large amount of scatter in
this data, and little correlation was found. Using linear regression, it was found that the
R? value was 0.02 when all of the 12 data points were considered. When only the flanges
of the tee attachments were considered (five data points) the R* value increased to 0.55.
The data from the stems of the tee attachments indicate that there was a decrease in crack
depth as the crack length increased, which makes little physical sense. The correlation of
the depth found at the stems of the tees and the surface crack length produces an R? value

of 0.16.
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Figure 4.6: Surface crack length vs. crack depth determined using TOFD

The growth of the surface crack is initially rapid, and then slows, which likely indicates

that the crack is growing in depth. As such, a single surface crack length could correlate
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with a range of crack depths. This crack growth behavior could account for the large
amount of variability of the surface crack length versus depth data found in this project.
The crack growth behavior is dependent on the geometry of the test specimen used. The
decline in the surface crack growth rate was likely due to the finite width of the
attachment detail, especially for the flange of the tees. Also, the beam web could have

been providing additional stiffness to the area which aided in slowing the crack growth.

4.6 Feasibility of Using Time of Flight Diffraction and Linear Phased
Array Testing to Predict Remaining Fatigue Life
The limited testing and results developed through this project do not currently support
any substantial conclusions regarding the prediction of remaining fatigue life with the use
of ultrasonic non-destructive testing. The data of the TOFD data versus the remaining
life does show a general trend that may be developed and proved with additional testing.
However, as the visual observations show a strong correlation with remaining fatigue life,
and the TOFD data does not correspond well to the visual observations, it is unlikely that
better results would be found with additional testing using these two ultrasonic methods
for test specimens with this geometry. This configuration of welded joint may not
exactly represent the conditions found in ships, however, due to the presence of the beam
web and the finite width of the tee attachments. Thus, further study on details that better
approximate the details found in ship structures should be performed to better determine

the feasibility of predicting remaining life using NDT measurements.

This finding is similar to that of Shell [5] who studied the use of UT and other NDT
methods to predict the fatigue life of corroded aluminum specimens. Shell found that
there was little correlation between the depths of corrosion found using UT to the
remaining life of the specimens. It was found that the probability of significance of this
depth parameter was 0.9144, which means there was a 91.44% chance that this
correlation could occur by natural variation or chance. This is in contrast to various other
parameters investigated by Shell, which showed a probability of significance of less than
0.0001. Tt is possible that although depth of fatigue crack does not correlate well with
remaining life, other quantities measurable using UT or other NDT methods would be

useful in predicting remaining fatigue life.
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S CONCLUSIONS

1.

The ultrasonic, non-destructive testing methods used in this project, both time of
flight diffraction and linear phased array, were poor estimators of remaining fatigue
life of the welded joints studied. There appears to be little correlation between the
crack depth found using UT to the remaining fatigue life of a welded joint. It seems

infeasible to use these methods to predict remaining life of joints with this geometry.

TOFD was more sensitive to the types of crack found in this project than LPA. LPA
found few indications overall, and no indications at locations which reached failure

during the course of fatigue testing.

There was a reasonable correlation between visual observations of crack growth,
aided by non-destructive dye penetrant testing, and the remaining fatigue life of a

welded joint.

No correlation was found between the crack depths found using UT and the surface
crack lengths found by visual observation as would have been expected. This
indicates that the UT methods chosen may not be useful for the detection of fatigue
cracking in the welded joints used in this study. This scatter could also be due to the

manner in which cracks grew due to the geometry of the specimen used.

Hammer peening is an effective and low cost method of preventing fatigue cracking.
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6 RECOMMENDATIONS

1.

The use of ultrasonic non-destructive testing methods time of flight diffraction and
linear phased array is not currently supported by this project as a means to be used in

the estimation of remaining fatigue life of welded joints.

Alternative methods of non-destructive testing for the detection and characterization
of fatigue cracks should be investigated to identify a method which will reliably
characterize cracks. Although it is outside the scope of this project to determine
alternate NDT methods for the detection of fatigue cracks, it is felt that X-ray and
thermography could be considered for future research. Once a method is found, the
feasibility of correlating NDT measurements to the remaining life of welded joints
can again be considered. This feasibility study should include parameters other than

crack depth, such as crack length, profile, reduction in signal during NDT, etc.

Studies should be conducted on specimens with a different geometry than used in this
project, which would more accurately represent a welded detail found in ship

structures.

For future research, NDT should be performed much more often than done in this
project to more closely monitor fatigue crack growth. Taking data more often will
produce more data points for correlation purposes and reduce the effect of an

erroneous measurement.

Hammer peening should be used on welded details to prolong fatigue life.
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APPENDIX: NON-DESTRUCTIVE TESTING DATA

This appendix contains full ultrasonic non-destructive testing results from this project for
Specimens A, B and C. Included are the crack depths found using time of flight
diffraction for all three UT investigations, and linear phased array measurements for the
final two UT investigations. The measurements found from each individual scan are
presented, which includes three scans for each tee stem using TOFD and two scans of
each tee flange for both methods. Also included are the surface crack lengths found
using dye penetrant testing at the time of UT for Specimen C only. The tables include the

number of cycles at failure for all attachments.
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Table A.1 NDT results for Specimen A

Crack depth Crack depth (mm) at Crack depth (mm) at | Number of
(mm) at baseline 709,419 cycles 1,209,419 cycles cycles at
Location TOFD TOFD LPA TOFD LPA failure
Tee 1-Flange Left NRI NRI NRI NRI NRI
Tee 1-Flange Right NRI NRI NRI 1.17 NRI
Tee 1-Stem Left NRI NRI -- NRI -- 5,932,869
Tee 1-Stem Right NRI NRI - NRI - 5,932,869
Tee 1-Stem 19° skew NRI NRI - 1.14 - 5,932,869
Tee 2-Flange Left NRI NRI NRI NRI NRI
Tee 2-Flange Right NRI NRI NRI NRI NRI
Tee 2-Stem Left NRI NRI -- NRI --
Tee 2-Stem Right NRI NRI - NRI -
Tee 2-Stem 19° skew NRI NRI - NRI -
Tee 3-Flange Left NRI NRI NRI NRI NRI
Tee 3-Flange Right NRI 0.79 NRI NRI NRI
Tee 3-Stem Left NRI NRI -- NRI --
Tee 3-Stem Right NRI NRI -- 0.2 --
Tee 3-Stem 19° skew NRI NRI -- NRI --
Tee 4-Flange Left NRI NRI NRI 2.67 1.65
Tee 4-Flange Right NRI NRI NRI NRI NRI
Tee 4-Stem Left NRI NRI -- NRI --
Tee 4-Stem Right NRI NRI -- NRI --
Tee 4-Stem 19° skew NRI NRI -- NRI --
Tee 5-Flange Left NRI NRI NRI NRI NRI
Tee 5-Flange Right NRI NRI NRI 2.08 1.27
Tee 5-Stem Left NRI NRI -- NRI --
Tee 5-Stem Right NRI NRI -- NRI --
Tee 5-Stem 19° skew NRI NRI -- NRI --
Tee 6-Flange Left NRI NRI NRI NRI NRI
Tee 6-Flange Right NRI NRI NRI NRI NRI
Tee 6-Stem Left NRI NRI -- NRI --
Tee 6-Stem Right NRI NRI -- NRI --
Tee 6-Stem 19° skew NRI NRI - NRI -
Tee 7-Flange Left NRI NRI NRI NRI NRI
Tee 7-Flange Right NRI NRI NRI 2.72 2.54
Tee 7-Stem Left NRI 0.2 -- 0.2 --
Tee 7-Stem Right NRI NRI -- NRI --
Tee 7-Stem 19° skew NRI NRI -- NRI --
Tee 8-Flange Left NRI NRI NRI NRI NRI
Tee 8-Flange Right NRI 0.13 NRI 1.67 NRI
Tee 8-Stem Left NRI NRI -- NRI --
Tee 8-Stem Right NRI NRI -- 0.2 --
Tee 8-Stem 19° skew NRI NRI - NRI -

NRI

No Reliable Indication

- No LPA scan performed at this location
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Table A.2 NDT results for Specimen B

Crack depth Crack depth (mm) at | Crack depth (mm) at
(mm) at baseline 386,648 cycles 1,000,000 cycles Number of
Location TOFD TOFD LPA TOFD LPA cycles at failure
Tee 1-Flange Left NRI NRI NRI NRI NRI
Tee 1-Flange Right NRI NRI NRI NRI NRI
Tee 1-Stem Left NRI NRI -- NRI --
Tee 1-Stem Right NRI NRI -- 2.49 --
Tee 1-Stem 19° skew NRI NRI -- NRI -
Tee 2-Flange Left NRI NRI NRI NRI NRI
Tee 2-Flange Right NRI NRI NRI 3.07 NRI
Tee 2-Stem Left NRI NRI -- NRI --
Tee 2-Stem Right NRI NRI -- NRI --
Tee 2-Stem 19° skew NRI NRI -- NRI --
Tee 3-Flange Left NRI NRI NRI NRI NRI 386,648
Tee 3-Flange Right NRI NRI NRI NRI NRI 386,648
Tee 3-Stem Left NRI NRI -- NRI --
Tee 3-Stem Right NRI NRI -- NRI --
Tee 3-Stem 19° skew NRI NRI -- NRI -
Tee 4-Flange Left NRI NRI NRI NRI PI
Tee 4-Flange Right NRI NRI NRI 1.37 PI
Tee 4-Stem Left NRI NRI -- 1.52 --
Tee 4-Stem Right NRI NRI -- NRI --
Tee 4-Stem 19° skew NRI NRI -- 1.27 -
Tee 5-Flange Left NRI NRI NRI NRI NRI
Tee 5-Flange Right NRI NRI NRI 0.48/4.42 NRI
Tee 5-Stem Left NRI NRI -- 0.69 --
Tee 5-Stem Right NRI NRI -- NRI --
Tee 5-Stem 19° skew NRI NRI -- NRI -
Tee 6-Flange Left NRI NRI NRI NRI NRI
Tee 6-Flange Right NRI NRI NRI 0.25 NRI
Tee 6-Stem Left NRI NRI -- NRI --
Tee 6-Stem Right NRI NRI -- NRI --
Tee 6-Stem 19° skew NRI NRI -- 0.38 --
Tee 7-Flange Left NRI NRI NRI NRI NRI
Tee 7-Flange Right NRI NRI NRI 0.25 NRI
Tee 7-Stem Left NRI NRI -- NRI --
Tee 7-Stem Right NRI NRI -- NRI --
Tee 7-Stem 19° skew NRI NRI -- NRI -
Tee 8-Flange Left NRI NRI NRI 0.86 PI
Tee 8-Flange Right NRI NRI NRI NRI NRI
Tee 8-Stem Left NRI 0.76 -- 0.76 -- 2,695,748
Tee 8-Stem Right NRI NRI -- NRI -- 2,695,748
Tee 8-Stem 19° skew NRI NRI - NRI - 2,695,748

NRI

No Reliable Indication

PI Possible indication
--- No LPA scan performed at this location

t After repair
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Table A.3 NDT results for Specimen C

368,395 cycles 645,020 cycles
Crack depth| TOFD | LPA | Visual | TOFD | LPA | Visual
(mm) at crack | crack | surface | crack | crack | surface | Number of
baseline depth | depth | length | depth | depth | length cycles at
Location TOFD (mm) | (mm) | (mm) | (mm) | (mm) | (mm) failure

Tee 1-Flange Left NRI NRI NRI 0.25 NRI 25 820,934
Tee 1-Flange Right NRI NRI NRI NRI NRI 25 820,934
Tee 1-Stem Left NRI 0.2 -- 3.18 -- 40
Tee 1-Stem Right NRI 0.48 -- 1.65 -- 40
Tee 1-Stem 19° skew NRI NRI -- 1.65 - 40
Tee 2-Flange Left NRI NRI NRI 1.27 NRI 30
Tee 2-Flange Right NRI 1.52 NRI NRI NRI 30
Tee 2-Stem Left NRI NRI - NRI - 30 820,934
Tee 2-Stem Right NRI NRI -- 2.11 -- 30 820,934
Tee 2-Stem 19° skew NRI NRI - NRI - 30 820,934
Tee 3-Flange Left NRI NRI NRI NRI NRI 25
Tee 3-Flange Right NRI NRI NRI NRI NRI 25
Tee 3-Stem Left NRI NRI -- NRI -- 30 706,820
Tee 3-Stem Right NRI NRI -- NRI -- 30 706,820
Tee 3-Stem 19° skew NRI NRI -- NRI -- 30 706,820
Tee 4-Flange Left NRI NRI | NRI NRI" | NRIf 645,020
Tee 4-Flange Right NRI NRI | NRI NRI pI' 645,020
Tee 4-Stem Left NRI NRI -- NRI -- 30
Tee 4-Stem Right NRI NRI -- 34 -- 30
Tee 4-Stem 19° skew NRI NRI -- 1.27 -- 30
Tee 5-Flange Left NRI NRI NRI 0.25 PI
Tee 5-Flange Right NRI NRI NRI NRI NRI
Tee 5-Stem Left NRI NRI -- 4.78 -- 20
Tee 5-Stem Right NRI NRI -- 1.68 -- 20
Tee 5-Stem 19° skew NRI NRI -- NRI -- 20
Tee 6-Flange Left NRI NRI NRI NRI NRI 50 777,820
Tee 6-Flange Right NRI NRI NRI 1.8 NRI 50 777,820
Tee 6-Stem Left NRI NRI -- 10 4.78 -- 30 706,820
Tee 6-Stem Right NRI NRI -- 10 2.16 -- 30 706,820
Tee 6-Stem 19° skew NRI NRI -- 10 2.16 -- 30 706,820
Tee 7-Flange Left NRI NRI NRI NRI NRI 38
Tee 7-Flange Right NRI 0.13 NRI 0.13 1.27 38
Tee 7-Stem Left NRI NRI - 2.95 - 25 820,934
Tee 7-Stem Right NRI NRI -- 2.54 -- 25 820,934
Tee 7-Stem 19° skew NRI NRI -- NRI -- 25 820,934
Tee 8-Flange Left NRI NRI NRI NRI NRI 50
Tee 8-Flange Right NRI NRI NRI 3.2 3.18 50
Tee 8-Stem Left NRI NRI -- 2.95 - 40 706,820
Tee 8-Stem Right NRI 1.14 -- 3.05 -- 40 706,820
Tee 8-Stem 19° skew NRI NRI -- 3.05 -- 40 706,820
NRI No Reliable Indication PI Possible indication
- No LPA scan performed at this location t After repair
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