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a b s t r a c t

Nondestructive inspection (NDI) is an integral part of structural integrity analyses of dry storage casks
that house spent nuclear fuel. One significant concern for the structural integrity is stress corrosion
cracking in the heat-affected zone of welds in the stainless steel canister that confines the spent fuel. In
situ NDI methodology for detection of stress corrosion cracking is investigated, where the inspection uses
a delivery robot because of the presence of the harsh environment and geometric constrains inside the
cask protecting the canister. Shear horizontal (SH) guided waves that are sensitive to cracks oriented
either perpendicular or parallel to the wave vector are used to locate welds and to detect cracks. SH
waves are excited and received by electromagnetic acoustic transducers (EMATs) using noncontact ul-
trasonic transduction and pulse-echo mode. A laboratory-scale canister mock-up is fabricated and
inspected using the proposed methodology to evaluate the ability of EMATs to excite and receive SH
waves and to locate welds. The EMAT's capability to detect notches from various distances is evaluated on
a plate containing 25%-through-thickness surface-breaking notches. Based on the results of the distances
at which notch reflections are detectable, NDI coverage for spent nuclear fuel storage canisters is
determined.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Dry storage casks are increasingly deployed throughout the
United States and internationally to store spent nuclear fuel rods,
before they are transported to a repository for disposal [1,2].
Recently, Korea is also highly interested in the construction and use
of dry storage systems as the current on-site wet storage pools are
expected to be full by 2024 [3,4]. Originally, dry storage casks were
designed for intermediate-term storage relative to the nuclear fuel
cycle. In the absence of a final repository, the extended use of dry
storage is inevitable, which makes it necessary to assess the
structural integrity of storage casks through inspections [5e9].

Most of the storage casks in the United States use stainless steel
canisters that confine the spent fuel assemblies. After being sealed,
the canister is transported to the Independent Spent Fuel Storage
Installation and placed inside a ventilated concrete overpack for
protection and shielding as well as to allow convective cooling. The
stainless steel canister acts as an important shield barrier for the

fission products. Therefore, its structural integrity has considerable
safety implications and should definitely be guaranteed.

One potential degradation mode of the stainless steel canister is
chloride-induced stress corrosion cracking (SCC), which is most
likely tooccur indry storage systems located inmarineenvironments
[10e12]. Once atmospheric chlorides that enter the ventilated con-
crete overpack are deposited on the canister surface, they could
deliquesce after the canister has cooled sufficiently. This provides a
conducive environment for SCC [13]. The other two necessities for
SCC to occur are already known to be present in the vicinity of the
welds; material susceptibility and tensile driving force. Austenitic
stainless steel can be susceptible to SCC when it is heated such that
grain boundaries become chromiumdepleted, as can happen during
welding [14]. In addition, the welding can result in high thermal
residual tensile stresses that act as a driving force for cracks [15].

SCC typically initiates at the surface of welds or in the heat-
affected zone (HAZ). Fabricationdefects such as gas bubbles can serve
as origins of cracking [16]. The cracks can be mixed between inter-
granular and transgranular and can exhibit dendritic branching.
Based on observed service-induced crack characteristics [17], the
crack location and orientation are highly dependent on the cracking* Corresponding author.
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mechanism andmaterial. Nevertheless, it is common that SCC occurs
near the welds due to the presence of high residual stresses and
susceptible material there. Recent research using finite element an-
alyses of the residual stress field [15,18] and preliminary residual
stressmeasurements [19]have indicated that tensile residual stresses
occur through the thickness both along the weld and across it. This
suggests that SCC could grow normal to theweld or along it, which is
consistent with general mechanics of materials expectations [20].

There is a strong preference to perform the canister inspection
while it remains safely inside the cask. However, the in situ in-
spection has significant challenges due to the harsh environment
and geometric constraints inside the cask. The environment in-
cludes both elevated temperature and gamma radiation. Based on
the numerical modeling of dry storage casks, the temperature and
gamma radiation dose inside the overpack that the robotic in-
spection system should be designed for are conservatively 177�C
(350�F) and 27 krad/h, respectively [5,7]. Moreover, vertical-axis
dry storage casks provide severe geometric constraints, for
instance, the HI-STORM 100 model cask (Holtec International,
Turtle Creek, PA, USA) is shown in Fig. 1 [7]. The cylindrical canister
that stores spent nuclear fuel is fabricated by welding together two
rolled and axially welded cylindrical sections, so that there are four
full-penetrationwelds of primary concern: themid-circumferential
weld, the bottom weld, and two axial welds (upper half and lower
half), which are indicated in Fig. 1. For protection and shielding of
the canister, it is inserted into a concrete overpack having vertical
guide channels attached to the steel cladding and is sealed with a
lid. Moreover, from the viewpoint of inspection, the shielding
structure of the overpack makes access to the canister surface
possible only through the narrow ventilation system. Thus, it is
necessary that the inspection be performed with a robotic delivery
system. In addition to a constricted tortuous access path, the ver-
tical guide channels (nominally 50-mm deep, 150-mmwide, and at
214-mm intervals) block access to portions of the circumferential
and bottomwelds under the channels. Moreover, if the axial weld is
located at a channel, it is completely inaccessible. Consequently,
this limited accessibility to welds prevents the use of nondestruc-
tive inspection (NDI) techniques that rely on point-wise scanning,
such as visual testing, eddy current testing, and ultrasonic testing
using bulk waves, as much of the welds can be hidden by guide
channels. The most appropriate technique would be guided wave
ultrasonic testing because it can be considered as a line scan
method and can potentially inspect all the welds.

This research investigates an in situ inspection methodology for
detection of stress corrosion cracks in the HAZ of spent nuclear fuel
storage canisters. Shear horizontal (SH) guided waves using
noncontact electromagnetic acoustic transducers (EMATs) are used
in an attempt to provide 100% coverage of the canister and to make

measurements with a robotic system. The next Section 2.1 in-
troduces SH guided waves and compact EMATs developed for this
application. The robotic inspection methodology for spent nuclear
fuel storage canisters under limited accessibility is described in
Section 2.2. To verify the proposed inspection methodology, a
laboratory-scale canister mock-up and a 15.9-mm thick 304 stain-
less steel notch plate were fabricated and inspected. Sections 2.3
and 3 describe the laboratory experimental procedures and re-
sults, respectively, and are followed by the conclusions in Section 4.

2. Materials and methods

2.1. SH guided wave EMATs

SH waves are one type of guided waves that propagate in a
homogeneous plate with traction-free boundaries. They have in-
plane transverse displacements resonating between the confined
boundaries, whereas Lamb waves have vertical displacements. The
in-plane displacement characteristics enable them to interact well
with cracks oriented not only perpendicular to the wave vector
direction but also parallel to it [21]. This sensitivity to cracks in both
directions is valuable in canister NDI because stress corrosion
cracks are most likely to be located in the HAZ of welds and to be
oriented transverse to the weld or parallel to it.

Guided waves are inherently multimodal and dispersive. These
characteristics can be represented by dispersion curves that are
simply trigonometric functions that result from the eigenproblem
obtained from the governing differential equations and the trac-
tion-free boundary conditions [22]. The phase velocity and group
velocity dispersion curves for SH modes of a 15.9-mm thick stain-
less steel plate are shown in Fig. 2. The black lines represent
possible propagating SH modes in the plate and indicate the rela-
tionship between wave speed and frequency. The fundamental
shear horizontal mode (SH0) is nondispersive, whereas the other
modes are dispersive and have specific cutoff frequencies.

When a comb-type transducer, such as an EMAT, is used to
generate SH waves, the combination of the transducer's periodicity
and the excitation frequency sent to the transducer determines
which modes are activated. The transducer periodicity corresponds
with the wavelength, and the fundamental relation, c ¼ lf, must be
satisfied, where c, l, and f are phase velocity, wavelength, and fre-
quency, respectively. In this research, a wavelength of 12.7 mm and
an excitation frequency of 250 kHz were selected as a compromise
between crack sensitivity and the presence of multiple modes [6].
The SH modes excited under these conditions are illustrated in
Fig. 2. It is worth pointing out that the dispersion curves in Fig. 2 are
for a flat plate and that SH waves propagating around an annulus
are different in general, see for example [23,24]. However, the

Fig. 1. A 3-D cutaway view of vertical-axis HI-STORM 100 cask and an unwrapped overlay of the canister welds on the overpack inner liner.
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inner-to-outer radius ratio for a canister is 0.985, which is large
enough that there are very few differences in the dispersion curves.
The sloped blue line represents the activation line at a 12.7 mm
wavelength for a comb-type transducer, and the interaction of the
activation line with the dispersion curves indicates preferential
excitation points. The activation line intersects the dispersion curve
of each mode once. The red dashed circle schematically indicates
the activation zone when a tone-burst excitation having a 250 kHz
central frequency is applied to the transducer. This very roughly
represents the source influence described in chapter 13 of [22],
where there is a zone of excitation, rather than a single activation
point on the dispersion curve. The source influence is related to the
frequency bandwidth of the generated waves and the transducer
size. Actual frequency-phase velocity spectra will be plotted in
Section 3.2. Dixon et al. [25] discuss the generation of multiple SH
modes from a different perspective and use them to make accurate
thickness measurements. Consequently, both SH0 and SH1 modes
are expected to be excited, and their group velocities are 3181 m/s
and 2954 m/s, respectively. The SH2 mode also exists at this
frequency but should not be excited by these EMATs.

Periodic permanent magnet EMATs can be effectively used to
excite and receive SH waves on a conductive material. Their
principle of operation is that transduction occurs through the
Lorentz force, which is FL ¼ J � B, where FL, J, and B are Lorentz
force, eddy current density, and magnetic field, respectively.
Because the Lorentz force is designed to be perpendicular to the
wave vector here, SH waves are generated. And, because the Lor-
entz force transduction is noncontact, these EMATs are well suited
for robotic delivery which makes them ideal for application to
spent nuclear fuel storage canister NDI [6]. The strongest and most

consistent coupling results from using zero liftoff, which can be
maintained because the EMATs are set back from the weld cap
itself (if there is one). A pair of compact EMATs developed for this
application and a schematic diagram explaining the mechanism of
SH wave generation by the Lorentz forces are shown in Fig. 3. The
transmitter and receiver are identical. Each consists of a periodic
array of permanent magnets, a looped electric coil, housing, and
peripherals. The array of magnets with periodically alternating
north and south poles generates a static magnetic field near the
surface of the conductive substrate material. The looped electric
coil induces the alternating eddy current in the surface when an
alternating current is applied to the coil. The interaction between
the magnetic field and the eddy current density leads to Lorentz
forces perpendicular to the direction of the electric coil and par-
allel to the surface plane [26e28]. The Lorentz forces excite SH
waves symmetrically in both directions. The primary wavelength
of the SH waves referred to in Fig. 2A is determined by the peri-
odicity of the magnet arrangement.

The materials of the permanent magnets and an electrical coil
are neodymium and copper printed on polyimide film, respectively.
In our previous study, the EMAT components were tested under
elevated temperature and gamma radiation doses, up to 177�C and
5920 krad, respectively, [29]. The EMAT housing dimensions are
70 mm � 45 mm � 19 mm (length � width � height). The pair of
EMATs fits into the cargo bay of the delivery robot for canister NDI.
The prototype housing shown in Fig. 3A was made of plastic
(acrylonitrile butadiene styrene) using 3-D printing, but the final
housing design calls for an aluminum alloy to give it excellent
elevated temperature and gamma radiation tolerance and
durability.

Fig. 2. Dispersion curves for SH modes of a 15.9-mm thick stainless steel plate. (A) Phase velocity. (B) Group velocity.

Fig. 3. Electromagnetic acoustic transducers (EMATs) to send and receive shear-horizontal (SH) waves. (A) Pair of compact periodic permanent magnet EMATs. (B) Schematic
diagram of the SH wave generation mechanism by Lorentz forces.
EMAT, electromagnetic acoustic transducer; SH, shear horizontal.
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2.2. In-situ inspection methodology for spent nuclear fuel storage
canisters

In situ inspection of a stainless steel storage canister located
inside a concrete overpack requires a robotic delivery system. The
inspection starts with inserting the robotic system into an outlet
vent at the top shown in Fig. 1 and staging a pivotable delivery arm
on the lid of the canister. And then, a sensor car that contains the
EMAT pair is launched from the delivery arm. Once it is over the
edge of the lid, the sensor car can move only in the vertical direc-
tion in between the guide channels as controlled by the winch
mounted outside the outlet vent. The sensor car containing the
EMAT pair is just one of three cars; the other cars contain a radia-
tion detector, a thermocouple probe, and optics for a laser-induced
breakdown spectroscopy system that characterizes the surface
composition of the canister [5].

Robotic inspection methods using SH guided waves for the axial,
circumferential, and bottomwelds are shown in Fig. 4. All methods
deploy a robotic sensor car containing transmitting and receiving
EMATs and use the pulse-echomode, where T is the transmitter and
R is the receiver. The transmitter sends SH waves in the circumfer-
ential direction, and the receiver collects the waves reflected from
cracks and welds. The inspection begins with searching for the
location of the axial weld in the upper half of the canister because
although the locations of the circumferential and bottom welds are
known relative to the overpack, the axial welds are not. The time of
flight of the weld echo is measured to locate the axial weld. Then,
the sensor car moves down and searches for another axial weld in
the lower half of the canister. Once both axial welds are located,
there is no need to repeat weld searching at other gaps. And then,
the car goes to the bottom and sets the bottom as the baseline to
enable accurate encoder readings on the way back up when all
measurements are made. Thereafter, the sensor car is raised to the
upper HAZ of the bottom weld and performs bottom weld inspec-
tion as shown in Fig. 4C. Then, the circumferential weld inspection is
carried out at the lower and upper HAZ of the circumferential weld.
In a total of 16 gaps, the inspection of bottom and circumferential
welds is performed in the same way. If the axial weld is hidden
behind an adjacent guide channel or in the adjacent guide channel
gap, the axial weld inspection is conducted continuously while the
sensor car ismoving up as shown in Fig. 4A. As a result, the proposed
methodology is capable to inspect 100% of the weld HAZ even
though the welds may be hidden behind guide channels.

2.3. Laboratory experimental procedures

Recent laboratory experiments showed that the EMAT-based
crack detection system could detect machined notches in the

vicinity of welds and is suitable for the dry storage cask environ-
ment [29]. In this section, procedures are described for experiments
to (1) demonstrate that the EMATs functionwell enough within the
real cask geometry to detect the welds and (2) determine from
what set-back distances the EMATs are capable of detecting the
target minimum size defects. The experimental results are
described in Section 3.

2.3.1. Specimens
The laboratory-scale canister mock-up shown in Fig. 5 was

fabricated and used to evaluate the EMAT's ability to excite and
receive SH guided waves on the stainless steel canister using the
proposed inspectionmethodology. The canister mock-up ismade of
15.9-mm thick stainless steel and fabricated by submerged arc
welding of three rectangular plates as per the HI-STORM 100S
manufacturing process. Thus, three welds were made, which are
axial, circumferential, and bottom welds, as shown in Fig. 5. Weld
caps and surface attachments were ground off before rolling the
welded plate into a shell.

To evaluate the capability of SH guided waves to detect cracks
and to assess the distance range at which cracks can be detected, a
15.9-mm thick 304 stainless steel plate having well-defined sur-
face-breaking notches was prepared as shown in Fig. 6. Plate and
notch dimensions are indicated in Fig. 6A and B. The right end of the
plate was cut as a chevron to divert the back-wall echoes in another
direction. Two semi-elliptical surface notches, namely oriented
perpendicular and parallel to thewave vector, weremachined. They
are 25%-through-thickness notches at their deepest point, and the
notch lengthedepth ratio is 2:1, which represents the minimum
crack size that we aim to detect.

2.3.2. Experimental setup
A schematic representation of the experimental setup for EMAT

measurements is shown in Fig. 7. A high-power gated amplifier
(RAM-5000-SNAP; Ritec, Warwick, MA, USA) is used to provide a
five-cycle tone-burst electric signal (with a 1,200 V peak-to-peak
voltage and a 250 kHz central frequency) to the transmitter. The
electric signal passes through a matching network (TEM128;
Ritec) and then to a looped electric coil in the transmitting EMAT to
induce the alternating eddy current in the specimen surface to
excite SH guided waves. The acquired signal from the receiving
EMAT goes through another matching network (REMP-128; Ritec),
a 40-dB gain V/V ultrasonic preamplifier (5660B; Olympus, Wal-
tham, MA, USA), and a band-pass filter (100 kHze500 kHz). Then,
the processed signal is recorded using a digitizer (PXI-5105; Na-
tional instruments, Austin, TX, USA) and analyzed by a Labview-
based computer program.

Fig. 4. Robotic inspection methods using SH guided waves. (A) Axial weld. (B) Circumferential weld. (C) Bottom weld.
R, receiver; SCC, stress corrosion cracking; T, transmitter.
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Inspection schemes fora laboratory-scale canistermock-upand the
notched plate are shown in Figs. 8 and 9, respectively. In the canister
inspection, the transmitter excites SHwaves normal to the axial weld,
and the receiver picksup returning echoes from theweld. The purpose

of this test is to determine whether it is possible to locate the axial
welds under the proposed inspection methodology and to acquire
baseline data. Both the left and right sides of the axial weld are
inspected. Thepairof EMATs ispositionedonavertical line15 cmaway
fromtheaxialweld and is scanneddownwardalong theweld toobtain
B-scan images. Initially, it is located10 cmaway fromtheupper edgeof
the canister andmoves downa total of 80 cm in increments of 1.25 cm.
At each increment, the pulse-echo signal is recorded and used for B-
scan imaging. Theplate inspection is performed foronenotchoriented
perpendicular to the wave vector and one notch oriented parallel to
thewave vector. For eachnotch, pulse-echo signals are examined from
various distances ranging from 5 cm to 55 cm at 0.5-cm intervals to
assess the distances fromwhich the notches can be detected.

3. Results and discussion

3.1. Canister mock-up inspection

A typical pulse-echo signal taken when the pair of EMATs is
located at 30 cm (from the top) in the left-side inspection is shown
in Fig. 10. The weld echo is clearly observed by the first wave packet

Fig. 5. The laboratory-scale canister mock-up has axial, circumferential, and bottom submerged arc welds. (A) Photo from the front. (B) Schematic diagram.

Fig. 6. 15.9-mm thick 304 stainless steel plate with surface-breaking notches oriented perpendicular and parallel to the wave vector direction. (A) Plate dimensions, (B) notch
dimensions, and (C) photo of the EMAT pair aligned with the parallel notch.
EMAT, electromagnetic acoustic transducer.

Fig. 7. Schematic representation of the experimental setup for EMAT measurements.
EMAT, electromagnetic acoustic transducer; SH, shear horizontal.
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arriving between 110 and 130 ms. The echo includes both SH0 and
SH1 mode reflections. The next packet arriving between 200 and
300 ms is the back-wall echo from the left edge of the canister mock-
up, but we are not interested in this echo, and it will not be present
in the actual canister inspection.

B-scan images of the canister mock-up are shown in Fig. 11,
where the Hilbert transformationwas applied to each A-scan signal
to obtain the envelope of the signal. The images present the ab-
solute voltage magnitudes of the enveloped signals in a color map.
Both images clearly show indications of the weld echo between 110
and 130 ms, except where the circumferential weld interacts with
the axial weld at a y-position of 45 cm. The weld echo amplitude
varies with the scan position because of the nonuniformity of the
weld quality, but its arrival time is constant. The larger amplitude
variability in the left-side inspection than in the right-side in-
spection suggests that the interface between the canister metal and
the weld metal on the left side is more variable than on the right
side. Knowing that the group velocity of the SH1 mode, which is the
dominant mode in the weld echo [6], is 2,954 m/s as analyzed in
group velocity dispersion curves in Fig. 2B and that initial time
delay arising from the EMATmeasurement system identified before

this experiment is approximately 30 ms, the 125 ms time of flight at
which the weld echo peak is measured corresponds to a round trip
distance of 14 cm. This measured distance is in good agreement
with the actual distance from the pair of EMATs to the weld
interface in the canister mock-up inspections. Consequently, the
results in Fig. 11 clearly demonstrate that the axial weld can be
detected and located by the SH wave-based pulse-echo method
using EMATs.

3.2. Notched plate inspection

Fig.12 shows pulse-echo signals takenwhen the pair of EMATs is
located 12 cm away from the perpendicular notch and the parallel
notch. The notch echoes for both notches are clearly observed
arriving at approximately 110 ms. A relatively large echo was
received from the perpendicular notch, whereas the parallel notch
created a smaller reflection.

A-scan signals measured at various distances from 5 to 55 cm
for both notches are combined to plot the B-scan images in Fig. 13.
The images were created by simply spatially stacking the A-scan
signals enveloped by the Hilbert transformation. Note that the
vertical red band before 80 ms is electromagnetic interference and
that the diagonal red band centered at the positions of 200 ms,
5 cm and 500 ms, 50 cm is the echo from the plate end wall

Fig. 8. Inspection schemes for a laboratory-scale canister mock-up. (A) Left-side inspection. (B) Right-side inspection.

Fig. 9. Inspection schemes for a stainless steel notched plate. (A) At perpendicular
notch detection. (B) At parallel notch detection.

Fig. 10. A-scan taken when the pair of EMATs is located at 30 cm (from the top) in the
left-side inspection.
EMAT, electromagnetic acoustic transducer.
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beyond the notches. A unique pattern in which the amplitude of
perpendicular notch echoes vary periodically according to dis-
tance to the notch is observed in Fig. 13A. This pattern was caused
by the positive and negative interferences between the SH0 and
SH1 modes that travel at the different group velocities identified
in Fig. 2B.

To clearly identify the SH modes reflected from the perpendic-
ular notch, supplemental measurements were conducted. Ten A-
scan signals were collected, while the transmitting EMAT was fixed

at 30 cm away from the notch and the receiving EMAT was incre-
mentally (2 mm) reversed from where it had started, adjacent to
the transmitting EMAT. Then, a two-dimensional fast Fourier
transform was applied to all the A-scan signals. Fig. 14 shows the
frequency-phase velocity spectra for the #1 and #2 wave packets in
Fig. 13A. The #1 wave packet includes both SH0 and SH1 modes.
However, because the amplitude of the SH1 mode excited by the
transmitting EMAT is higher than that of SH0 mode [6], the SH1
mode is dominant in the notch echoes. The #2 wave packet is the

Fig. 11. B-scan images of the canister mock-up. (A) At left-side inspection. (B) At right-side inspection.

Fig. 12. A-scans taken when the pair of EMATs is located 12 cm away from notch. (A) For perpendicular notch. (B) For parallel notch.

Fig. 13. B-scan images. (A) For perpendicular notch detection. (B) For parallel notch detection.
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SH2 mode with a higher frequency than the SH0 and SH1 modes.
This higher mode was generated by mode conversions of incident
SH0 and SH1 modes on the notch face.

To assess the distances at which both notches are detectable, the
signal-to-noise ratio (SNR) of the notch echoes was evaluated. The
SNR was calculated from 20$log10[Signal(V)/Noise(V)], where the
noise level was conservatively defined as the level of small bright
spots randomly distributed in the B-scan images and the minimum
SNR that determines a detectable notch echo was conservatively
defined as 3.5 dB. For the perpendicular notch, there were two
detectable ranges. The first range was from 10 to 38 cm, where the
echo SNRs were 12.7 and 3.75 dB, respectively. The second range
was from 39 to 51 cm, where the echo SNRs were 5.15 and 6.36 dB,
respectively. At the distance range from 38 to 39 cm, the echo SNR
was less than 3.5 dB due to the negative interference between the
SH0 and SH1 modes. Meanwhile, the detectable range for the par-
allel notch was significantly narrower than that of the perpendic-
ular notch because of the smaller echo as identified in Figs. 12 and
13. The range for the parallel notchwas from 10 to 20 cm, where the
echo SNRs were 4.86 and 4.14 dB, respectively.

3.3. NDI coverage for spent nuclear fuel storage canisters

Based on the detectable distances for notches oriented
perpendicular or parallel to the wave vector analyzed from the B-
scan images in Fig. 13 and knowing that the movement of a robotic
sensor car is constrained to the gaps between guide channels as
shown in Fig. 4, the NDI coverage for spent nuclear fuel storage
canisters is mapped out in Fig. 15A for perpendicular cracks and in
Fig. 15B for parallel cracks. The red, green, and blue regions
represent the areas where cracks can be detectedwhen the delivery
robot car (D) is deployed into the first, second, and third gap,
respectively. Fig. 15A shows that 100% coverage can be achieved for
perpendicular cracks by robotic inspections in all 16 guide channel
gaps and that the overlapping of coverage zones provides redun-
dancy, which will improve the reliability of the inspection. On the
other hand, Fig. 15B shows that cracks oriented parallel to the wave
vector can only be detected when they are behind the guide
channels. These cracks correspond to the circumferential cracks
that grow parallel to the circumferential and bottomwelds and also
circumferential cracks that grow perpendicular to the axial welds.
However, we reiterate that this is the result for the minimum crack
size targeted for detection. Larger cracks will have a larger coverage
zone. Alternatively, an eddy current array [30] could be used be-
tween the guide channels to provide full coverage for circumfer-
ential cracks. Likewise, another supplementary solution to provide

full coverage for circumferential cracks is to put a second EMAT pair
oriented at 90 degrees to the first EMAT pair in another robot car.

4. Conclusions

In situ inspection methodology for detection of stress corrosion
cracks in the HAZ of spent nuclear fuel storage canisters has been
investigated. Compact periodic permanent magnet EMATs were

Fig. 14. Frequency-phase velocity spectra. (A) For #1 wave packet in Fig. 13A. (B) For #2 wave packet in Fig. 13A.

Fig. 15. Schematic representation of gap-by-gap canister NDI coverage. (A) For
perpendicular cracks. (B) For parallel cracks. Red, green, and blue regions represent the
areas where cracks can be detectable when the delivery robot car (indicated by the
letter D) is deployed into the first, second, and third gap, respectively.
NDI, nondestructive inspection.
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fabricated and used to excite SH guided waves and to receive
echoes from welds and notches. Considering the geometric con-
straints inside the dry storage cask, a robotic inspection plan using
the EMATs was developed. Under the proposed methodology, the
EMATs were tested on a laboratory-scale canister mock-up. Echoes
from the axial weld were clearly observed, which demonstrated
that it is possible to locate the axial welds. To assess the distance
range in which cracks can be detected for the minimum crack size
targeted for detection and to determine the NDI coverage for spent
nuclear fuel storage canisters, the EMATs were tested on a stainless
steel plate containing surface-breaking notches oriented perpen-
dicular and parallel to the wave vector. The experimental results
showed that 100% coverage for the minimum size cracks perpen-
dicular to the wave vector is possible, while the minimum size
cracks parallel to the wave vector can be only detected when they
are behind the guide channels. However, supplemental EMAT or
eddy current array systems could be implemented to detect any
circumferential cracks located in the gaps between guide channels
to achieve full coverage.

Conflicts of interest

All authors have no conflicts or interest to declare.

Acknowledgments

This material is based on the work supported by the Nuclear
Energy Universities Program under Award number DE-NE0008266.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.net.2018.04.011.

References

[1] D. Kook, J. Choi, J. Kim, Y. Kim, Review of spent fuel integrity evaluation for dry
storage, Nucl. Eng. Technol. 45 (2013) 115e124.

[2] E. Supko, Impacts Associated with Transfer of Spent Nuclear Fuel from Spent
Fuel Storage Pools to Dry Storage after Five Years of Cooling, Electric Power
Research Institute, United States, 2012. Revision 1, EPRI report 1025206.

[3] M. Yun, R. Christian, B. Kim, B. Almomani, J. Ham, S. Lee, H. Kang, A software
tool for integrated risk assessment of spent fuel transportation and storage,
Nucl. Eng. Technol. 49 (2017) 721e733.

[4] D. Hong, Recommendation on Spent Nuclear Fuel Management, Public
Engagement Commission on Spent Nuclear Fuel Management, Republic of
Korea, 2015 (In Korean).

[5] C.J. Lissenden, S. Choi, H. Cho, A. Motta, K. Hartig, X. Xiao, S. Le Berre,
S. Brennan, K. Reichard, R. Leary, B. McNelly, I. Jovanovic, Toward robotic in-
spection of dry storage casks for spent nuclear fuel, J. Press. Vessel Technol.-
Trans. ASME 139 (2017) 031602.

[6] S. Choi, H. Cho, C.J. Lissenden, Selection of shear horizontal wave transducers
for robotic nondestructive inspection in harsh environments, Sensors 17
(2017) 5.

[7] R.M. Meyer, A.F. Pardini, J.M. Cuta, H.E. Adkins, A.M. Casella, A. Qiao, M. Larche,
A.A. Diaz, S.R. Doctor, NDE to Manage Atmospheric SCC in Canisters for Dry
Storage of Spent Fuel: an Assessment, PNNL-22495, Pacific Northwest Na-
tional Laboratory, United States, 2013.

[8] R.M. Meyer, A.F. Pardini, B.D. Hanson, K.B. Sorenson, Review of NDE Methods
for Detection and Monitoring of Atmospheric SCC in Welded Canisters for the

Storage of Used Nuclear Fuel, PNNL-22158, FCRD-UFD-2013-20000085, Pacific
Northwest National Laboratory, United States, 2013.

[9] D.C. Kunerth, T. McJunkin, M. McKay, S. Bakhtiari, Inspection of Used Fuel Dry
Storage Casks, INL/EXT-12e27119, FCRD-UFD-2012-000273, Idaho National
Laboratory, United States, 2012.

[10] Y. Xie, J. Zhang, Chloride-induced stress corrosion cracking of used nuclear
fuel welded stainless steel canisters: a review, J. Nucl. Mater. 466 (2015)
85e93.

[11] X. He, T.S. Mintz, R. Pabalan, L. Miller, G. Oberson, Assessment of Stress
Corrosion Cracking Susceptibility for Austenitic Stainless Steels Exposed to
Atmospheric Chloride and Non-chloride Salts, NUREG/CR-7170, Nuclear
Regulatory Research, United States, 2014.

[12] O.K. Chopra, D.R. Diercks, R.R. Fabian, Z.H. Han, Y.Y. Liu, Managing Aging Ef-
fects on Dry Cask Storage Systems for Extended Long-term Storage and
Transportation of Used Fuel, Rev. 2, ANL-13/15, FCRD-UFD-2014-20000476,
Argonne National Laboratory, United States, 2014.

[13] D.G. Enos, C.R. Bryan, K.M. Norman, Data Report on Corrosion Testing of
Stainless Steel SNF Storage Canisters, SAND2013-8314P, FCRD-UFD-2013-
000324, Sandia National Laboratories, United States, 2013.

[14] L. Caseres, T.S. Mintz, Atmospheric Stress Corrosion Cracking Susceptibility of
Welded and Unwelded 304, 304L, and 316L Austenitic Stainless Steels
Commonly Used for Dry Cask Storage Containers Exposed to Marine Envi-
ronments, NUREG/CR-7030, Southwest Research Institute, United States,
2010.

[15] K. Fuhr, J. Gorman, J. Broussard, G. White, Failure Modes and Effects Analysis
(FMEA) of Welded Stainless Steel Canisters for Dry Cask Storage Systems, EPRI
Report 3002000815, Electric Power Research Institute, United States, 2013.

[16] T.M. Ahn, An approach to model abstraction of stress corrosion cracking
damage in management of spent nuclear fuel and high-level waste, Proc.
ASME PVP (2013). PVP2013-97139.

[17] J. Wåle, Crack Characterisation for In-service Inspection Planning e an Update,
SKI Reference 14.43-200543105, ISRN SKI-R-06/24-SE, Swedish Nuclear Po-
wer Inspectorate, Sweden, 2006.

[18] J. Kusnick, M. Benson, S. Lyons, Finite Element Analysis of Weld Residual
Stresses in Austenitic Stainless Steel Dry Cask Storage System Canisters,
Technical Letter Report ML13330A512, U.S. Nuclear Regulatory Commission,
United States, 2013.

[19] D.G. Enos, C.R. Bryan, Status Report: Characterization of Weld Residual
Stresses on a Full-diameter SNF Interim Storage Canister Mockup, SAND2015-
7068 R, FCRD-UFD-2015-00123, Sandia National Laboratories, United States,
2015.

[20] B.P. Black, Effect of Residual Stress on the Life Prediction of Dry Storage
Canisters for Used Nuclear Fuel, M.S. Thesis, Massachusetts Institute of
Technology, Cambridge, MA, United States, 2013.

[21] M. Ratassepp, M.J.S. Lowe, P. Cawley, A. Klauson, Scattering of the funda-
mental shear horizontal mode in a plate when incident at a through crack
aligned in the propagation direction of the mode, J. Acoust. Soc. Am. 124
(2008) 2873e2882.

[22] J.L. Rose, Ultrasonic GuidedWaves in Solid Media, Cambridge University Press,
Cambridege, UK, 2014.

[23] G. Liu, J. Qu, Guided circumferential waves in a circular annulus, J. Appl. Mech.
65 (1998) 424e430.

[24] M. Clough, M. Fleming, S. Dixon, Circumferential guided wave EMAT system
for pipeline screening using shear horizontal ultrasound, NDT&E Int. 86
(2017) 20e27.

[25] S. Dixon, P.A. Petcher, Y. Fan, D. Maisey, P. Nickolds, Ultrasonic metal sheet
thickness measurement without prior wave speed calibration, J. Phys. D: Appl.
Phys. 46 (2013) 445502.

[26] M. Hirao, H. Ogi, Electromagnetic Acoustic Transducers: Noncontacting Ul-
trasonic Measurements Using EMATs, second ed., Springer Japan, Tokyo,
Japan, 2017.

[27] P.A. Petcher, S. Dixon, Weld defect detection using PPM EMAT generated
shear horizontal ultrasound, NDT&E Int. 74 (2015) 58e65.

[28] H.J. Salzburger, F. Niese, G. Dobmann, EMAT pipe inspection with guided
waves, Weld. World 56 (2012) 35e43.

[29] S. Choi, H. Cho, M.S. Lindsey, C.J. Lissenden, Electromagnetic acoustic trasn-
ducers for robotic nondestructive inspection in harsh environments, Sensors
18 (2018) 193.

[30] S. Chu, J. Renshaw, Dry Canister Storage System Inspection and Robotic De-
livery System Development, EPRI Report 3002008234, Electric Power
Research Institute, United States, 2016.

S. Choi et al. / Nuclear Engineering and Technology 50 (2018) 890e898898

https://doi.org/10.1016/j.net.2018.04.011
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref1
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref1
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref1
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref2
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref2
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref2
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref3
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref3
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref3
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref3
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref4
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref4
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref4
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref5
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref5
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref5
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref5
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref6
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref6
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref6
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref7
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref7
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref7
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref7
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref8
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref8
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref8
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref8
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref9
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref9
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref9
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref9
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref10
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref10
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref10
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref10
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref11
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref11
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref11
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref11
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref12
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref12
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref12
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref12
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref13
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref13
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref13
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref14
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref14
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref14
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref14
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref14
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref15
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref15
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref15
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref16
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref16
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref16
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref17
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref17
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref17
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref17
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref18
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref18
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref18
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref18
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref19
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref19
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref19
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref19
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref20
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref20
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref20
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref21
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref21
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref21
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref21
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref21
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref22
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref22
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref23
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref23
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref23
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref24
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref24
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref24
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref24
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref24
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref25
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref25
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref25
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref26
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref26
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref26
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref27
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref27
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref27
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref27
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref28
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref28
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref28
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref29
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref29
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref29
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref30
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref30
http://refhub.elsevier.com/S1738-5733(18)30112-8/sref30



