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Nondestructive Evaluation

of Stress Corrosion Cracking
in @ Welded Steel Plate Using
Guided Ultrasonic Waves

Stress corrosion cracking (SCC) had occurred in early-generation high-level nuclear waste
tanks constructed by welding carbon steel. This paper describes an ultrasonic inspection
system and its fundamental ability to detect and quantify the length of SCC on thick
welded steel plates. The finite element method (FEM) was applied to simulate the
welding process to estimate the welding residual stress field. Growth of stress corrosion
cracks is driven by crack stress intensities exceeding the subcritical cracking threshold
intensity. The subject plate was experimentally inspected with ultrasonic nondestructive
evaluation (NDE) techniques to characterize the extent of SCC. The NDE system uses a pie-
zoelectric transducer to generate guided waves in the thick steel plate, and a scanning laser
Doppler vibrometer (SLDV) to measure multidimensional time—space wavefield data over a
user-defined scanning area in the plate surface. The measured wavefield data can show
wave interactions in a localized area in the plate due to the presence of the discontinuities
of the SCC. To generate an inspection image that can precisely show the crack’s location
and/or the dimension, the wavefield data are further processed to generate inspection image
that maps the entire sample plate so the crack can be clearly identified in the plate while its
length can be readily estimated. The ultrasonic test results for crack length agree well with
the visually estimated length and are close to that predicted by the FEM for cracks in the
weld residual stress field. [DOI: 10.1115/1.4053653]

Keywords: stress corrosion crack, finite element analysis, guided wave NDE, wavefield
imaging, crack quantification, nuclear, testing methodologies, ultrasonics

1 Introduction

Large (0.75-1.3 million gallon capacity) steel tanks have been
used for radioactive waste storage since the early 1950s at the
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welding process, residual stress could be introduced if the welded
plates were not stress relieved with post-weld heat treatment. Sub-
sequently, stress corrosion cracking (SCC) has been shown to occur
under certain aggressive waste chemical conditions [1,2]. As a
result, the radioactive materials can leak through the cracks to
cause if the cracks penetrate the tank wall. Early detection of
SCC is, therefore, crucial for timely response to provide mitigation
and avoid extensive environmental insult.

Stress corrosion cracking has been inspected and monitored with
various nondestructive evaluation (NDE) methods such as ultraso-
nic (longitudinal and/or shear wave), acoustic emission, Rayleigh
waves, and electrochemical impedance spectroscopy methods
[3-8]. Guided ultrasonic waves (GUW)-based NDE methods are
relatively new. Guided waves are ultrasonic waves that propagate
within the structural boundaries such as pipes and plates, and they
can propagate long distance thus enabling large structure inspection
[9,10]. The wave-damage interactions are used as indicators for
structural discontinuity (i.e., damage) diagnosis. They were exten-
sively studied and adopted in the past decades and have shown to
be effective for crack detection and evaluation in metallic structures
[11-19]. Exemplary works include instantaneous reference-free
crack detection in thin metal structure [11], crack evaluation in
thin aluminum plates using a 2D piezoelectric wafer made of zirco-
nate titanate ceramics (PZT) array guided wave system [12], and the
quantification of circumferential crack-like damage in pipelines
through synthetically focused guided waves [13]. To give more
examples, Lu et al. [20] used a network of PZT transducers in a
10-mm thick steel plate for fatigue crack evaluation. The crack
can be located and the length can be roughly estimated using the
wave energy derived from the wavelet transform of the time-domain
signals. Qin et al. [21] traced the shifting of second harmonics in
ultrasonic waves to detect surface cracks in a 3-mm thick aluminum
beam. In addition to wave propagation methods, other methods
such as nonlinear ultrasonics-based methods have also been
studied to detect and quantify fatigue crack in thin aluminum
plates. Wang et al. [22,23] used nonlinear ultrasonics with time
reversal technique and demonstrated the detection of a fatigue
crack in thin aluminum plates and the correlation between the
damage indicators and crack growth. Of particular interest is the
imaging method, where an image of the structure being inspected
is generated with the area containing defects being highlighted.
Such an image gives the detection as well as the estimation of the
crack immediately. For example, Chen et al. [14] used the load-
differential imaging method for fatigue crack detection and localiza-
tion. Masserey and Fromme [16] studied the scattering of high fre-
quency guided waves by a fatigue crack near a fastener hole on an
aluminum plate, and Yu et al. [19] demonstrated crack detection and
quantification in an aluminum plate using guided waves. Zima and
Kedra [24] established an algorithm for line crack length estimation
in a 1-mm thick steel plate by defining reflection coefficients and
then using coefficients to create a damage map of the plate. The
method was shown to be effective in detecting and locating a
through-thickness cut crack but not in pinpointing the locations of
the crack tips. Recent years with the use of scanning laser
Doppler vibrometer (SLDV), wavefield measurements with
respect to both time and space have become available, which
provide abundant information about wave propagation characteris-
tics to be used for imaging [15,19]. Wavefield measurements have
been used for visualization and quantification of cracks [19,25-31].
Despite all the progresses, to the best knowledge of the authors, the
ultrasonic guided wave inspection method has not been widely
implemented for SCC detection and evaluation though some nonul-
trasonic methods have been reported in Ref. [32]. One example
work of using ultrasonics is conducted by Hernandez-Valle et al.
[17], where SCC was detected in stainless-steel pipes using a non-
contact laser-laser/electromagnetic acoustic transducer ultrasonic
system. However, the shape and dimension of the SCC were not
obtained in the resulted wavefield image.

In this paper, we present the work on the detection and quantitative
evaluation of SCC in a welded steel plate using the GUW-based
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NDE methods. The work began with the preparation of the welded
test plate and exposure to simulated waste tank environments to ini-
tiate SCC, and conducting finite element analysis (FEA) to predict
the generation and growth of SCC. The FEA simulated the exact
welding process and used the relevant temperature history to calcu-
late the residual stress distributions in the weldment and to evaluate
the potential for stress corrosion cracking with a threshold stress
intensity factor (Kiscc) determined experimentally [33]. After
FEA predicted the presence of the SCC, the plate was inspected
using an ultrasonic guided wave scanning system. Multidimensional
GUW wavefield was excited by PZT actuators, obtained by a SLDV,
and then post-processed with imaging algorithms. With the resulted
inspection images, not only the presence of the SCC could be con-
firmed as predicted by the FEA but also the crack length as well as
its general shape is determined. While most previous work was
focused on idealized electric discharge machining (EDM) cracks
in thin metal plates, our work demonstrates the ability of GUW to
detect and to estimate the length of barely visible SCC cracks in a
thick stainless-steel plate with rugged surface. Despite the challenges
from increased thickness and reduced crack size where guided waves
propagation becomes complex and wave—crack interactions are
weak to see, the filtering process can enhance the wave—crack inter-
actions and line extract algorithm can provide a quick and effective
estimation of the crack length. The remainder of the paper is orga-
nized as follows: Sec. 2 introduces the specimen preparation for ini-
tiating SCC and the FEA of welding simulation, residual stress
calculation, and fracture mechanics evaluation. Section 3 describes
GUW inspection setup as well as the imaging algorithms for SCC
quantification, followed with Sec. 4 which applies the imaging
method to detect two selected cracks by the PZT-SLDV system.
The paper concludes with Sec. 5 summarizing the findings and the
potential future work is also discussed.

2 Preparation of Plate Specimen and Stress Corrosion
Cracking Growth

This section briefly describes the welding of the plate specimen
and the fabrication of the starter cracks with EDM for SCC
studies, and the FEA that was used to determine the welding residual
stress by simulating the waste tank-specific welding procedure and to
analyze crack growth. Stress intensity factors were calculated at the
growing crack tip with FEA and compared with an experimentally
determined threshold stress intensity factor [23], from which the
maximum length of the stress corrosion crack could be predicted.
This section aims to provide the background of the test specimen
and the prediction of SCC so the NDE results can be compared.

2.1 Preparation of Stress Corrosion Cracking Specimen.
The specimen is a welded steel plate (304.8 mm by 304.8 mm)
manufactured by joining two 15.88-mm thick A285 carbon steel
plates using gas metal arc welding (GMAW) with heat input in
accordance with tank specifications [1,2], as illustrated in
Fig. 1(a). The specimen was not heat treated to relieve the
welding residual stress. After the welding, starter cracks (a total
of nine) were fabricated with EDM across or along the weld in
various locations and with different orientations as illustrated in
Fig. 1(b). Among the nine starter cracks, only V1, V2, and V3
are through-thickness vertical cracks across the weld. The other
starter cracks are part-through-thickness semicircular cracks with
a depth of 6.35 mm. More details about the starter cracks can be
found in Ref. [1].

The plate was then submerged in 5 molar (5M) sodium nitrate
(NaNO3) solution (prepared with reagent grade compound and dis-
tilled water) at about 90 °C for up to ten weeks to initiate and prop-
agate SCC. In fact, SCC was visually observed after 2 weeks of
exposure to the solution. By the end of the corrosion test, SCC was
only observed from the through-thickness vertical starter cracks
(V1, V2, and V3) with final crack lengths estimated ranging from
40 mm to 150 mm (including the starter crack across the weld of
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Fig. 1

Specimen preparation: (a) schematic of two steel plates before being joined by GMAW

and (b) zoom in pictures of the welded area with EDM starter cracks after the GMAW joining [1]

[T

Fig.2 Visual inspection of stress corrosion cracking V1 and V2
(image of V2 was obtained with the aid of a hand hold magnifier)

12.5 mm). From Fig. 2, it can be seen that V1 has the longest visible
SCC growth (about 70 mm in the half of the welded plate), while V2
has the shortest SCC by visual inspection, which is barely visible
with unaided eyes. The V2 crack length in the half welded plate
was estimated at about 22 mm with a hand-held magnifier. Details
of the specimen and SCC test can be found in Ref. [1].

2.2 Finite Element Analysis Modeling and Stress Corrosion
Cracking Growth Study. A three-dimensional finite element anal-
ysis was performed to validate the presence of SCC before the NDE
inspection is performed. Only half of the plate was needed for mod-
eling because of symmetry. Figure 3(a) shows the finite element
mesh for the intact plate without EDM starter cracks, which con-
tains 6780 eight-node brick elements with 8723 nodes. The detailed
mesh in the V-groove area of the weld is shown in Fig. 3(b), where
the six welding passes are identified [1]. A heat transfer analysis
was first conducted to simulate GMAW using WeldSim, a three-
dimensional welding finite element program [34-36]. The tempera-
ture history from the GMAW simulation was generated and then fed
to the ABAQus finite element program [37] for calculating the

@

Unit: cm

as-welded residual stresses through thermomechanical computa-
tional procedure.

For the subsequent fracture analysis, the finite element mesh was
refined in the starter crack locations (Fig. 4). The initial as-welded
residual stress for the refined mesh was established by interpolating
the previously obtained residual stress through an aBAQus
mesh-to-mesh solution mapping feature [37]. The starter cracks
were then introduced to the model by creating new, traction-free
surfaces (Figs. 4(a) and 4(b)). The unbalanced stresses in the new
cracked model were to be equilibrated by invoking the boundary
change procedure in ABAQUS. The resulting residual stress was
used to calculate the stress intensity factors for these starter
cracks. It was found [1] that only the stress intensity factors for
the through-thickness starter cracks (V1, V2, and V3) were
greater than the threshold stress intensity factor (Kiscc), which
was experimentally determined as 35 MPa /m in Ref. [33]. This
indicated that only V1, V2, and V3 were likely to initiate SCC in
the as-welded residual stress field, and the other starter cracks
shown in Fig. 1(b) would remain stationary.

The growth of SCC was simulated in a self-similar manner (i.e.,
the crack front remains straight and through the thickness), as sche-
matically shown in Figs. 4(a) and 4(b). The process created a con-
tinuous redistribution of the residual stress as the crack is growing
and allowed the stress intensity factors to be determined as a func-
tion of crack growth. By setting a threshold stress intensity factor
Kisce to 35 MPa /m [1], the maximum likely achievable crack
length at V2 under welding residual stress was predicted to be
39 mm in half of the plate based on such a cracking criterion [1].

3 Laboratory Inspection Through Guided Ultrasonic
Waves Nondestructive Evaluation

The FEA has predicted that V1, V2, and V3 would grow in the
test specimen and a crack growth analysis was conducted for

(b)

Top surface

0.63 cm |

Symmetric
Plane

N

1.59 em

Y

Bottom surface

Fig. 3 (a) Three-dimensional finite element model for welding simulation and thermomechanical analysis and (b) detailed
finite element mesh in the V-grooves showing the six passes of welding [1]
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Fig. 4 Finite element mesh for modeling through-thickness crack growth from (a) a shorter

crack to (b) a longer crack [1]

Fig. 5 Experimental setup of the PZT-SLDV inspection system
[26]

V2 [1]. In this section, GUW NDE is adopted to experimentally
inspect and evaluate the most significant V1 and the shortest but
more challenging V2 in the test plate using a scanning GUW
system and multidimensional wavefield imaging algorithms.
When waves propagate in the plate and encounter structural discon-
tinuities such as cracks, waves will be modified as being reflected,
scattered, or transmitted through. By extracting the wave-
discontinuity interaction features, the discontinuity can be detected
and evaluated quantitatively.

3.1 The PZT-SLDYV System for Stress Corrosion Cracking
Inspection. A scanning GUW system that obtains time—space
propagating guided waves has been previously developed [15].
The system uses a PZT wafer to actuate the waves through the pie-
zoelectric effect [10] and a SLDV to measure the resulted wave
propagation in the structure with respect to both time and space.
The SLDV measures surface particle out-of-plane velocity (with
respect to time) based on Doppler effect [15] point by point in a
user-defined scanning grid. The obtained wavefield can directly
show wave—-damage interaction, which can facilitate the damage
evaluation process [38—40].

Crack growth direction
%——

L

Wi

The laboratory setup of the PZT-SLDV GUW system is illus-
trated in Fig. 5. A Tektronix AFG3022C function generator is
used to generate the excitation signal. In this study, the excitation
is a three-count toneburst at a desired excitation frequency. The
excitation signal is amplified by a NF HSA 4014 bipolar amplifier
and then sent to the PZT wafer actuator. The PZT (by STEMINC,
with 7 mm diameter and 0.5 mm thickness) is bonded on the speci-
men surface using adhesive. Upon the application of the excitation
to the PZT, waves are generated through in-plane piezoelectric cou-
pling [10] and propagate in the plate governed by the Rayleigh—
Lamb equation [25]. The waves are then measured by the SLDV
(Polytec, Model No. PSV-400-M2) to generate time—space wave-
field data. Note that the SLDV head is placed in a way that the
laser beam impinges normal to the specimen surface, thus only
surface particle velocity along the out-of-plane direction will
be measured. Details of SLDV for guided waves sensing can be
found in a previous study [41]. In order to improve the surface
reflectivity for SLDV measurement, wipe-off reflective spray (by
Albedo 100) is applied to achieve good signal quality.

In the NDE part of the study, the validation test for SCC detect-
ability was first conducted for V1 crack which has the longest SCC,
then V2 crack (shortest) was tested to explore the resolution of the
subject GUW method. Only half of the cracks in the half plate were
inspected (all crack lengths are half plate length throughout the sub-
sequent discussion). With visual examination, the estimated length
of V1 was about 70 mm and V2 about 22 mm. The actuation
and sensing schematics for V1 and V2 are outlined in Figs. 6(a)
and 6(b), respectively. For each crack, two inspections were per-
formed with (1) a PZT actuator placed normal to the expected
crack growth direction (denoted as PZT-1 and referred to as
“normal” inspection) and (2) a PZT actuator in line with the
length of the crack (denoted as PZT-2 and referred to as “parallel”
inspection), respectively. The SLDV scanning area for V1 is about
100 mm by 50 mm and for V2 is about 35 mm by 20 mm, as indi-
cated by the dotted rectangles in Fig. 6. Cartesian coordinates are
defined with PZT-1 as the origin for V1 scan and the EDM
starter hole as the origin for V2 scan.

3.2 Guided Waves Setup and Inspection. Excitation fre-
quency tuning study [25] was first performed to identify a suitable
inspection frequency that not only excited adequate amount of

Fig.6 Actuation and sensing scheme for the 2D inspection of (a) V1 [26] and (b) V2. Note that
two actuation locations are investigated for each SCC with normal (PZT-1 for actuation) and
parallel (PZT-2 for actuation) inspection, respectively.
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at 15 mm obtained at (d) 120 kHz, (e) 210 kHz, and (f) 300 kHz

guided waves to propagate in this plate but also interacted optimally
with the crack to result in maximized reflections or scatterings in the
waves. This study was conducted at V1 using PZT-1. Three inspec-
tion frequencies at 120, 210, and 300 kHz were shown and illus-
trated in Fig. 7. A toneburst with peak-to-peak amplitude 50 V
was used for excitation. Three line SLDV scans along y-axis with
a spatial resolution of 0.5 mm were performed. To improve the
signal quality, 30 averages were performed for each of the SLDV
measurement.

The measured time—space wavefields are plotted in Fig. 7, which
shows the presence of wave—crack interactions as reflections and
reduced transmission beyond the crack. However, the result of the
300 kHz excitation frequency (Fig. 7(c)) gave the most discernible
identification of such phenomenon, particularly the reflections that
served as an indicator for the presence of the crack. Note that the
magnitude scales are different in each case. To further evaluate the
results, the signal-to-noise ratio (SNR) was also examined for each
case by extracting a single waveform. The waveforms obtained at
y=15 mm are shown in Fig. 7. The SNR is calculated as the
maximum magnitude of the waveform divided by the floor noise.
The waveform comparison confirmed that the 300 kHz case
(Fig. 7(f)) presented the waves of the highest strength in the plate
and yielded the best SNR. Moreover, the reflections from the crack
were best observed for 300 kHz in Fig. 7(f), but was not distinguish-
able in other cases. Therefore, 300 kHz was chosen to be the inspec-
tion frequency for the subsequent SCC NDE in this work.

With the selection of excitation frequency of 300 kHz, the area
scans for both V1 and V2 cracks using normal and parallel inspec-
tions were performed and the resulted wavefields are presented in
Fig. 8. Figures 8(a) and 8(b) give the results from V1 inspection.
For normal inspection, the excited guided waves interacted strongly
with the V1 where reflected waves could be clearly observed. In
addition, most of the waves were blocked by V1, thus waves
barely transmitted beyond V1 as shown in Fig. 8(a). Different
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wave—crack interaction phenomena were observed, however, for
the parallel inspection. Fig. 8(b) shows that the wave intensity (indi-
cating wave energy) increased along the V1 crack line but no
reflected waves were observed. The reason is that, due to this
setup, the incoming waves interacted with the crack dimension in
width and, while the waves propagated along the crack, some
wave energy was trapped and “flowed” within V1. Further study
will be pursued in the future to understand the details of the interac-
tion mechanism. The wavefield results showed that wave interac-
tions with the crack could be used as direct evidence of structural
damage. The inspection results of V2 are presented in Figs. 8(c)
and 8(d). Since V2 is much shorter than V1, the scanning area was
accordingly reduced. From the normal inspection, the wave interac-
tions with V2 were weak and indeed a challenge to identify its pres-
ence by examining the wavefield snapshots in Fig. 8(c). Similar
observation for parallel inspection can be seen from Fig. 8(d).
This is expected since V2 is short and the crack line is difficult to
observe by visual inspection without the aid of a magnifier.

4 Guided Ultrasonic Waves Imaging for Stress
Corrosion Cracking Detection and Evaluation

Using the SLDV time-space wavefield snapshots, the wave—
crack interaction can be identified and is used as an indicator for
the presence of a crack. It also provides an estimation of crack loca-
tion. However, the exact dimension or shape of the crack remains to
be determined. In this section, an imaging algorithm has been devel-
oped and applied to the acquired wavefield data to generate an
intensity energy map where the crack is highlighted. A crack line
is further extracted from that energy map to determine its length.

4.1 Guided Ultrasonic Waves Imaging Method. The time—
space wavefield data recorded by the SLDV is denoted as v(z,x)

AUGUST 2022, Vol. 5 / 031003-5
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Fig. 8 Time-space wavefield snapshot at 20 us showing the wave interactions with V1: (a)
normal inspection and (b) parallel inspection [26]; and time-space wavefield snapshot at
25 us showing the wave interactions with V2: (c) normal inspection and (d) parallel inspection

where 7 represents the time information recorded and x represents
the spatial coordinates in the targeted scanning area. Note x can
represent either 1D spatial information as x or 2D spatial informa-
tion as (x,y) depending on the sensing schematic. In the literature,
different imaging methods have been reported for the wavefield
data processing to quantify damage [19,40,42,43]. In this study, a
three-step frequency—wavenumber filtering [19] based imaging
process was adopted for the wavefield data v(7,x): (1) generating
an wavefield energy map for quick inspection, (2) applying a fre-
quency—wavenumber filter-based imaging method to generate the
wavefield energy map induced by damage, and (3) extracting
the crack line using the imaging results of step (2). The details of
the method are given as follows.

First, a wavefield energy map E(x) is generated by calculating the
cumulative mass-normalized kinetic energy at each point (x,y) in the
scanning area in the total recording time (¢) [42]

E(x) =j %(v(r, x))2dr )
0

However, with the directly generated energy map by Eq. (1), the
damage location and general shape can often be indicated, yet not
fully quantified [44]. Multidimensional Fourier analysis of the
wavefield data has been widely adopted to convert the time—space
information to the corresponding frequency—wavenumber domain,
which contains a wealth of wave characteristics including the
wave mode, frequency, and wavenumber information. Details of
the Fourier analysis can be found in the literatures [45,46]. Only
essential steps are given here for explaining the imaging method
in the study. Hence, the second step of the imaging is to apply
the Fourier transform to the wavefield data v(¢,x):

V(f, k)=j J w1, X)e TN qrdx ®)

—0o0J —c0

where fis the frequency (the counterpart of time #) and k as (k,, ky) is
the wavenumber vector (the counterpart of the spatial vector x). In
the f~k representation V(f, k), new wavenumbers are expected to
occur when damage occurs as compared with the pristine case.
These new wavenumbers can then be extracted by applying a suita-
ble frequency—wavenumber filter F(f, k) by multiplying the original
V(f, k) with filter F(f, k). The filtered wavefield Vp(f, k) is thus
obtained as

Vo(f. k) =V(f, KF(f. k) 3)

031003-6 / Vol. 5, AUGUST 2022

With Vp(f, k), an inverse Fourier transform is applied to convert it
back to the time—space domain, resulting in the damage-induced
wavefield as

(= )zj j Vi(f. K)e/ P 0ardi @

By applying Eq. (1) to the filtered wavefield vp(z, X), an energy
map Ep(x) that corresponds only to the damage can be generated.

The final step is to extract the crack line from the energy map.
This is achieved by finding the coordinates corresponding to the
maximum energy intensity along the y direction in this study,
which will give maxima at various x locations, as

y(x) =arg max |Ep(x, y)| ®)

4.2 Crack Imaging and Estimation. The wavefield data
given in Fig. 8 are now processed with the imaging algorithms out-
lined in Sec. 4.1. The energy map images of V1 using the wave-
fields obtained by PZT-1 for normal inspection and PZT-2 for
parallel inspection are presented in Figs. 9(a) and 9(b), respectively.
For the normal inspection (Fig. 9(a)), the waves gradually attenuate
and decrease as they propagate away from the excitation source.
When the waves arrive at and interact head-on with the entire
crack, distinctive energy distribution change is observed in the
area before the crack (extensive) and that after the crack (barely
any), with a clear boundary in between. Such a distribution of
energy is consistent with the wave phenomenon in the case,
where the wavefront is normal to the long crack. In such a situation,
most of the waves are blocked when they encounter V1 and
reflected with barely any transmitting around it. The energy map
image allows the estimation of V1 crack length, which is about
70 mm along the x direction by visually tracing the energy distribu-
tion boundary. It is close to the visual measurement of ~70 mm
(Fig. 6(a)).

The energy map generated from parallel inspection wavefield is
given in Fig. 9(b). In this case, the waves interact with the very
small width of the SCC crack. Along the crack, a small amount
of energy is trapped and highlighted in the map in Fig. 9(b),
while the rest of waves continue the propagation and attenuation
pattern. The crack length can also be estimated as about 69 mm
along the x direction by visually tracing the line formed by the
trapped energy. It is consistent with the estimation that was obtained
from the normal inspection.
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induced high wavenumbers at 300 kHz

As seen in Fig. 9, the direct imaging results also include the
energy of the incident waves from the excitation source toward
the defect. The energy from the source or the incident waves is com-
paratively strong or even stronger than that induced by the damage,
causing certain illusion in the detection. Hence, an image that
includes only the defect induced/scattered energy will be more con-
venient for identifying and quantifying the defect. In this applica-
tion, the filtering process, outlined in Sec. 4.1, is adopted to
remove the source and incident energy in the energy map by apply-
ing a high-pass filter. The filtering process is illustrated here with
the wavefield data from normal inspection. The wavefield data
are first transformed to f~k domain using 2D Fourier transform
given in Eq. (2). The obtained f~k spectrum at 300 kHz is presented
in Fig. 10(a). Note the dash circle is the theoretical fundamental
guided Lamb wave A, wavenumber curve at 300 kHz. The compar-
ison with respect to the theoretical curve also confirms that the
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(b) filtered crack-induced wavenumbers
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waves in the plate are dominated by the Ay waves. It can be seen
that there are wavenumbers other than those around the theoretical
values appearing. Based on the previous studies [19,47], cracks
usually induce higher wavenumbers corresponding to abruptly
reduced structural dimension (thickness) for the plate, and thus
the higher wavenumbers than the theoretical values are considered
crack induced. To extract the higher wavenumbers, a high-pass
filter as illustrated in Fig. 10(b) is applied to the original f~k spec-
trum (Fig. 10(a)) using Eq. (3). Figure 10(c) presents the filtered
f~k spectrum with only higher wavenumbers induced by the crack
being retained. Through inverse Fourier transform (Eq. (4)), the fil-
tered f~k spectrum is transferred back to time—space domain, result-
ing a wavefield with only crack-induced waves due to scattering at
such structural discontinuity. Finally, an energy image is obtained
using the crack-induced waves’ wavefield. Similar to the processing
of normal inspection result, the filtering process of retaining higher
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Fig. 12 V1 imaging and extracted crack line results: (a) normal inspection and (b) parallel inspection

wavenumbers is applied to the parallel inspection. The original
wavenumber spectrum at 300 kHz and the filtered crack-induced
high wavenumbers at 300 kHz are given in Fig. 11.

The resulting crack-induced energy images are shown in Fig. 12
on the left for both normal and parallel inspections. It can be seen
that high intensity pixels are present along the actual V1 crack in
both inspections, with weaker intensities at the crack tip. The esti-
mation of crack size by visually tracing the highlighted areas in
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the energy map can be further enhanced by image post-processing
to extract the crack line using Eq. (5). In the extraction post-
processing, outliers are identified if the pixel’s y location is more
than 1 mm away from the previous point; and the outlier’s y loca-
tion will be corrected by using that of the previous point. In addi-
tion, interpolation is performed after the extraction process to
smooth out the crack line. The extracted crack lines for V1 are
plotted in Fig. 12 for both the normal and parallel inspections.

Extracted crack line
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Fig. 13 V2 imaging and extracted crack line results: (a) normal inspection and (b) parallel inspection
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Both inspections yield an estimation of about 65 mm for the V1
crack. By comparing with the energy images as well as the actual
crack through visual inspection, it can be seen that the extracted
crack line is also consistent with the general shape of the crack.
The results show that the filtered imaging combined with the
crack line extraction provides an effective and direct way to evalu-
ate line SCC cracks.

With the success of adopting the detection and imaging on V1
crack, the methods are also applied to the more challenging
shorter V2 crack in the plate. The results are given in Fig. 13. For
both normal and parallel inspections, V2 crack can only be partially
traced because of significantly weaker wave—crack interaction for
this much smaller crack. The areas with the high pixel values cor-
respond to the “root” of the V2 crack where it started growing
from stress concentrated weld zone and the initial hole-cut.
Moving rightward along the crack growth direction, V2 crack
becomes much smaller and barely discernable by visual inspection,
resulting the much weaker energy intensity toward the tip around
15-20 mm. Further being processed with the crack extraction
method, however, we are able to derive an indication of V2 crack
which is comparable to the shape observed from visual inspection.
The extracted crack lines give an estimation of crack length of about
20 mm from the normal inspection and 17 mm from the parallel
inspection, giving an average of about 19 mm as the estimated
V2 length. This result is close to the visual estimation of about
22 mm in crack length. The results further show that the filtered
imaging combined with the crack line extraction provides an effec-
tive and direct way to evaluate line SCC cracks even for that of
smaller dimension. Note that the NDE inspected crack length is dif-
ferent from the finite element method (FEM) estimation (half length
at 39 mm). This might be due to the fact that actual cracking situa-
tion is different from those simulated in the model or the entire
length of V2 is beyond the detection resolution of the GUW NDE
method. Further study as well as other NDE means to evaluate
the crack lengths will be conducted in the future to understand
the discrepancy.

5 Conclusions

A welded A28S5 carbon steel plate was fabricated with designed
EDM starter cracks to approximate possible defect configurations in
the weld region of high-level nuclear waste storage tanks. SCC was
expected to occur when the test plate was exposed to a simulated
waste tank chemistry condition. Theoretical prediction from the
finite element analysis demonstrated that SCC could take place
from the through-thickness starter cracks across the weld (desig-
nated as V1, V2, and V3 in Sec. 2.1). Visual examination of the
test plate in the laboratory showed that the longest SCC occurred
at V1 and the shortest at V2. Therefore, these two stress corrosion
cracks were inspected for benchmarking the development of the
present GUW NDE methodology.

The areas around the SCC V1 and V2 were inspected by GUW
NDE using a PZT-SLDV system. The PZT wafer actuated the
guided waves at a selected inspection frequency while the SLDV
scanned the area of interest in the plate to obtain time—space wave-
field data. Two inspection schemes were adopted in this study with
different directions of incident wavefront with respect to the length
direction of the SCC: (1) normal inspection with the incident wave-
front normal to the length of the SCC and (2) parallel inspection
with wavefront aligned to the SCC direction. Discernible waves—
SCC interaction patterns have been observed in the regions where
the crack as strong reflections from SCC for normal inspection
and trapped waves with intensified wave energy along the length
of SCC for parallel inspection, respectively. However, as seen in
the energy images (Fig. 9), other than the wave interactions with
the crack, the incoming waves from the PZT actuators toward the
SCC are also present and may lead to misinterpretation of the detec-
tion if the details of the inspection setup are not fully understood. To
achieve better quantification of the cracks, a filtering reconstruction
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imaging process was adopted in this study. The technique filtered
out the interaction waves at the crack locations and then generated
an image based on the energy intensity distribution in the plate, such
that the SCC showed up as highlighted areas in the image of the
plate. The energy intensity-based image was then further post-
processed to create a “crack line image” with improved resolution
and quality. The results from the filtering imaging method and the
subsequent crack line extraction give an estimation of the V1
stress corrosion crack length at about 65 mm, which is close to
that estimated by visual examination (about 70 mm). The
methods were also applied to the shortest SCC (V2) on the plate.
Due to much smaller crack dimension, very weak wave—crack inter-
actions were observed and, subsequently, an image with limited
quality was obtained (Fig. 13, left) from the filtering imaging
method. However, with the crack line extraction post-processing,
the V2 SCC was successfully identified and resulted in an estima-
tion of half crack length at about 19 mm, compared with the
visual estimation of 22 mm. Therefore, the GUW NDE has con-
firmed the presence of both V1 and V2 SCC and provides close esti-
mation of their length. While most previous work was focused on
idealized EDM cracks in thin metal plates, our work demonstrates
the ability of GUW of detecting and estimating the length of
barely visible SCC in a thick carbon steel plate with rugged
surface. The filtering process combined with the line extract algo-
rithm provides a quick and effective way for barely visible crack
estimation. Currently, there is a discrepancy in the estimation of
V2 SCC between the finite element prediction and the NDE mea-
surement. Further study will be conducted in the future to under-
stand and to resolve the inconsistency. At this stage, FEA is used
mainly as an indicator to enable the adoption of NDE inspection.
Additional SCC evaluation means to validate the GUW NDE
inspection and estimation will be explored. Finally, focused
research on GUW in the target material structures shall be con-
ducted to gain a full understanding of wave propagation and inter-
actions with SCC.
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