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connecting with the members through the webinars. I thank members present for sparing 

their valuable time to join the virtual meetings of NGC, Past Presidents' Meet, 8th Chapter 

Chairman Meet, and the Webinars organised by ISNT Chapters and also HO.

Both in the past presidents meet and also NGC it has been reiterated that ISNT should 

hold its flagship event “Conference & Exhibition on Non-Destructive Evaluation (NDE 2020)” 

as a virtual one during Dec. 10-12, 2020. Accordingly the Central Conference Committee has 

been vested with the responsibility of organizing this event.  Keeping the world wide trends in 

view, the theme of NDE 2020 has been aptly chosen as “Redefining Industry Parlance with 

NDE 4.0”. The conference focuses on a range of scientific, technological and engineering 

aspects related to materials evaluation, Condition Monitoring, Codes, Standards, Training, 

Certification and thematic sessions on advanced topics such as Digital imaging, signal 

analysis, AI and deep learning.  A virtual exhibition has also been planned and as in the past, 

we would be having a blend of international and national invited speakers. I request all 

Chapters to disseminate this information to all members so that we can have a large 

participation.   

I thank all of you for your support and look forward to seeing you in NDE 2020 online.

Dr. B. Venkatraman

 President
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Hope you, your family members and colleagues are keeping safe.  

With the Covid-19 pandemic showing signs of decline, we hope that 

things would start tending towards normalization. However, one should 

not slacken w.r.t precautions.

Though initially the activities at various Chapters and HO were 

affected during the peak periods from April – August,  we could restart 
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Technical talk on “NDT & RURAL ECONOMY - CASE STUDIES” 
by Dr. Prabhu Rajagopal, Professor,  Department of 
Mechanical Engineering, IITM, Chennai, was held on 31st 
May 2020 through Video Conferencing – Google meet.

Technical talk on "Quality management system for NDT 
laboratories as per ISO IEC 17025“ by Shri. S S ANANTHAN, 
Lead Assessor certification assessing laboratories to meet the 
requirement of ISO IEC 17025: 2005. Consultant TryCAE 
Industrial Engg. Pvt. Ltd., Tiruchirappalli was held on 12th 
July 2020 through Video Conferencing – Google meet.

Technical talk on "Key Changes in ASME Sec V“ by Shri M L 
Ganapathi Rao, Senior Surveyor, Inspection Service Line, 
Lloyd's Register Marine and Inspection Services India LLP, 
Chennai was held on 26th July 2020 through Video 
Conferencing – MS Teams.

Technical talk on "Decoding SNT-TC-1A 2020, in comparison 
with SNT-TC-1A 2016 and International Standard ISO 
9712:2012 - Personnel Qualification and Certification in Non-
Destructive Testing“ by Shri. K. Kumaran, Managing Director, 
ANSA Training & Quality Assurance Private Ltd., Chennai on 
16th August 2020 through Video Conferencing – MS Teams.

Technical talk on “Frequency and Eddy Current“ by Ms. Navita 
Gupta, Satyakiran School of NDT, Delhi, was held on 30th 
August 2020 through Video Conferencing – MS Teams.

Technical Talk on “Terahertz NDE: Emerging applications and 
challenges” by Dr. Bala Pesala,Ph.D., Senior Principal 
Scientist (CSIR), 

Professor(AcSIR), Council of Scientific and Industrial Research 
(CSIR)Central Electronics Engineering Research Institute 
(CEERI)

Chennai, India, was held on 13th September 2020 through 
Video Conferencing – MS Teams.

EC Meeting was held on 31st May 2020 & 16th August 2020.

?

?

“Visual Inspection – What An Inspector shall 
look for” was conducted during September 
2020.

Exclusive website for ISNT Kalpakkam Chapter 
is under progress.

Online Webinar was conducted on NDT Awareness for 
TE Student of Sharad Institute of Technology College of 
Engineering, Yadrav - Ichalkaranji on 1st June.

Online technical lecture was conducted on 
'Electromagnetic Testing' by Mr. Abinash Behera of 
Hindustan aeronautics Ltd., SED, Koraput.on 18th June

Online technical lecture on Advanced NDE in RLA of 
Boiler components by Shri G.C.Deore, former Manager 
Thermax Ltd.on 2nd August.

ECT LEVEL II Course and Examination Conduct at 
BARC from 24th june  to 3rd July 2020 and 
Examination on 06th July  2020.Course 
coordinator was Mr. Arbind Kumar , and Examiner 
was  Mr. Niraj Kumar. 

1. Webinar 1/2020 : Date: June 21, 2020; Topic: 
Significance of Flaws in performance of 
Engineering Components ; Speaker: Shri.  BK 
Shah.

2. Webinar 02/2020 : Date: June 28, 2020; 
Topic:Quality improvements through effective 
welding control.; Speaker: Shri Arvind 
Sharma.

3. Webinar 03/2020 :  Date: July 12, 2020; Topic: 
An insight into innovations changing the 
future of NDE and Inspection.; Speaker:  By Dr. 
Shyamsunder Mandayam, Principal, Scientist, 
GE Researc

4. Webinar 04/2020 : Topic: Concepts and 
Misconceptions in NDE procedures;                            
Speaker: Shri. D Joshi

5. Webinar 05/2020 : Topic: Resolution in 
Radiography and Beyond Speaker: Dr. Paresh 
Vaidy

6. Webinar 06/2020 : Topic: Non – Destructive 
Evaluation for material Characterization; 
Speaker: By Dr. Anish Kumar , IGCAR, 
Kalpakkam

EC Meeting was held on 7th June, 2020 at online 
Google meet, 31 Members were attended the EC 
Meeting.

September
2020

CHENNAI CHAPTER KALPAKKAM CHAPTER

KALPAKKAM CHAPTER

MUMBAI CHAPTER

Online Technical lecture was conducted on Memorial 
lecture Late Shri L.M.Tolani by Mr. B.K.Shah on 
Accreditation of NDT organizations.

Technical Lecture was conducted by Mr. Uday Kale on UT of 
welds as per AWS D1.1.  

EC Meeting -7th EC meeting was conducted on 30th July.

EC Meeting -8th EC meeting was conducted on 29th 
August.

AGM was conducted on 16th Sept.
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1	Introduction
There are about 450 nuclear power reactors currently in 

service worldwide, producing approximately 10% of the 
electricity used. The main contributors are the United States 
of America, France and China, with a combined production of 
approximately 1400 TWh [1]. The most common reactor types 
are the Pressurized Water Reactors (PWR), followed by Boiling 
Water Reactors (BWR) and Pressurized Heavy Water Reactors 
(PHWR), also often referred to as CANDU reactors. Each of 
these reactor types are fueled using rods filled with uranium 
(mainly) pellets. The fuel rods represent most of a reactor core 
structure and are a critical component when it comes to the 
nuclear power plant performance and safety. Their integrity 
during their entire service life is important to avoid negative 
impact on reactor operation and plant economics. As the 
energy produced by the fuel pellets is not infinite, fuel rods 
need to be removed from the reactor and replaced by new 
ones. Replacement cycles will vary depending on the plant 
type, with the most common ones, PWR, having a cycle of 

about 12 to 18 months [2]. Once the rod’s service life is over, 
the fuel inside is still active and considered as hazardous 
waste. The level of activity is too low to effectively generate 
electricity but can still represent a safety and environmental 
hazard [3]. Consequently, not only is it necessary to ensure 
rod integrity at the manufacturing and in-service stages, but 
also prior to its final storage.Care should be taken toward the 
containers and structures used to store thewaste (e.g.spent 
fuel pools, canisters, etc.).

The focus of this paper is to introduce eddy current array 
(ECA) as a new alternative to inspect rods, pools, canisters 
and other related components to ensure their integrity. 
Various non-destructive testing techniques are currently used 
to inspect these parts. Multiple inspection techniques could 
be replaced efficientlybyECAin order to increase reliability, 
speed, ease of analysis and ease of deployment. Examples of 
successful deployment of an ECA system are also discussed to 
introduce how eddy current array probes can be mechanically 
tailored to support hightemperature, high radiation and 

Eddy Current Array for Fuel Rod Inspections and Beyond:  
From Manufacturing to End-of-life Management
Anne-Marie Allard1[0000-0002-8419-9410], Mathieu Bouchard1, Olivier Rousseau-Cyr1 and Jitender Yadav1

1Eddyfi Technologies, 3425, Pierre-Ardouin St. Quebec, Canada
amallard@eddyfi.com

ABSTRACT
The fuel used in Nuclear Power Plants (NPPs) has a long lifecycle, such that it is necessary to establish short- 
and long-term inspection programs that are essential to ensure workers’ and the general population’ssafety 
as well asoptimal performance of the NPPs during its active life.

Fuel rod integrity assessment – from manufacturing to in-service inspection – is performed to ensure safety 
and optimal performance of NPPs. Once the rods are removed from the plants and stored, the pools, 
canisters, and other containment infrastructures are also inspected to ensure proper safety.

Different NDT methods are currently used to inspect fuel rods, canisters, spent fuel pools, and related 
assets. Each method presents different advantages and limitations, and some are complementary. In terms 
of surface inspection of rods, canister walls, spent fuel pool welds and other critical parts, conventional eddy 
current testing (ECT) is often used to detect cracks, pits and corrosion. Unfortunately, ECT is limited in 
terms of detection, speed, ease of analysis, data recording for future consultation, and ease of deployment.

Advances in electronics has enabled the development of more modern inspection techniques like Eddy 
Current Array (ECA), increasing reliability, inspection speed through larger coverage, probability of 
detection, as well as data recording. Being able to tailor coil designs and multiplexing patterns allow users 
to optimize the acquisition chain to a specific application. Arrays of coils can be packaged in dedicated 
mechanical casings for specific geometries, made robust for radioactive environments, underwater 
inspections and more. In addition, by multiplexing and leveraging advanced data processing capabilities, 
ECA solutions allow inspections to be carried out quickly, often with less surface preparation. Systems 
available on the market provide additional benefits such as state-of-the-art imaging (e.g. 2D and 3D C-Scan 
displays), improved surface coverage, ease of deployment anddata archiving. Finally, on top of the increased 
probability of defect detection, ECA technology can now provide sizing capabilities in some applications.

This paper describes the eddy current array method along with variations on the theme, inclusive of their 
benefits and limitations. The deployment of actual custom ECA solutions for inspection of fuel rods and 
containers is also discussed.

Keywords: Non-Destructive Testing, Fuel Rods, Spent Fuel Pools, Eddy Current Array, Dry Canisters
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When the coil moves over the inspected surface, the eddy 
currents will be impacted by the presence of an abnormality 
in the material. The changes in the eddy current density will 
then have an impact on the coil impedance. It is the variation 
of impedance that is measured by the acquisition unit: the 
amplitude and phase of this variation are displayed in an 
impedance plan.

Fig. 3. 	 :	Simulation of the impact of a linear indication on 
the density of eddy current in material

immersion. The capability to design in respect to fluoride, 
halogen and other specific nuclear limitations as well as the 
integration with robotic systems is also discussed.

2	Eddy Current Principles

2.1 Conventional Eddy Currents
Eddy current testing (ECT) is part of the inspection methods 

called non-destructive testing, meaning that the integrity of 
the component inspected is not altered during the inspection. 
ECT requires that the probe be in contact (or very close) with 
the surface inspected, but no couplant is required, gaining 
some advantage over other techniques, such as ultrasonic 
testing (UT) for some critical applications and components.

ECT is also what is commonly called a surface inspection 
technique, meaning that the depth of penetration into the 
material thickness is limited. Various parameters (frequency, 
coil diameter, topology, material to be inspected, etc.) can 
affect the eddy current depth of penetration, but it will often 
remain limited to the first few millimeters.

Eddy currents are the currents created in a conductive 
material when an alternating magnetic field induced by a coil 
close to the surface is created. The technique implies that a 
copper wire is shaped into a coil and that this coil is excited 
by an alternating current, which then generates an oscillating 
magnetic field around the coil. When the coil is brought 
close to a conductive surface, a magnetic field of equivalent 
amplitude but opposite direction is created in the material, 
which consequently induces eddy currents in the material to 
counterbalance the magnetic field variations. The eddy current 
direction is opposed to the current induced in the coil.

Fig. 1. 	 :	Schematization of the magnetic field created in 
the coil. The magnetic field oscillates at the same 
frequency as the current injected in the coil

Fig. 2. 	 :	Schematization of the induced eddy current in the 
conductive material
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The way the eddy currents are distributed in the conductive 
material is impacted by various parameters such as:  
1) electrical conductivity and permeability of the inspected 
part; 2) geometry; 3) coil characteristics (wire gage, number 
of turns, etc.); 4) frequency and drive voltage; 4) lift-off, etc.

ECT is a very sensitive method for surface inspection, and 
it can be used for various applications such as flaw detection, 
coating thickness measurement, material sorting, etc. On the 
other hand, conventional eddy current inspection is highly 
operator dependent, time consuming on large surfaces, and 
can be difficult to deploy in remote locations.

2.2 Eddy Current Array

Fundamentals
The fundamentals of ECA are the same as ECT, but with 

an array of coils packaged in the same assembly. Such an 
arrangement has numerous benefits including but not limited 
to:
l	Larger coverage, thus increased productivity;
l	Capability to inspect hard to reach areas with tailored 

mechanical packaging allowing for single pass inspection 
in lieu of complex raster scanning systems;

l	Reduced need for complex robotics when automation 
required;

l	Capability to adapt multiplexing patterns and firing 
sequences to:
s	 Improve sensitivity on small indications and/or
s	 Reduce sensitivity to lift-off and/or
s	 Increase depth of penetration

l	Reduced requirements for surface preparation;
l	2D and 3D C-scan imaging;
l	Qualitative sizing;
These benefits come from the ability to optimize the firing 

sequence and multiplexing pattern in order to avoid crosstalk 

and optimize performance for a given application.

ECA probe optimization
Coils. The coils can be different shapes and sizes. Most 

commonly in ECA, the shape is similar tothat of a pancake. 
The copper wire is wound so that the final product looks like a 
disk. During the design of the coil, different parameters need 
to be considered:

·	 Material inspected
·	 Location of the indication (near side or far side)
·	 Size of the smallest indication
·	 Minimum coverage required
·	 Surface condition such as corrosion
·	 Lift-off
The above will have an impact on the wire gauge used, 

number of turns, number of layers, etc. Experts in the fields 
of ECA are then able to optimize the sensors to offer optimal 
performance for challenging applications.

Disposition: Thanks to the recent advancements in 
electronics, it is now possible to optimize the firing sequence 
of each coil of the array with the possibility of having up to 
256 channels in a single probe. The high-channel count of the 
latest instruments not only allow increases the coverage but 
can also be used to increase probe sensitivity. For example, for 
fuel rod inspection, the rod diameter is considered small and 
the number of coils required to cover the entire circumference 
is limited. On the other hand, the size of the target indication 
is also very small, which causes the probability of detection 
(P.O.D) to fall to low values when using a single row of coils. It 
was determined, for this development, that the min/max ratio 
with 2, 4 and 8 (final solution) rows of coils was progressing 
from 23% to 72% to 92%. Consequently, the firing sequence 
and number of channels of a probe for fuel rod inspection is 
optimized to increase the P.O.D. Fig. 4 below illustrates the 
concept of response curves and the impact of the number of 
rows.

Fig. 4	 :	Eddy current signal uniformity according to number of rows
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Topology:	 Another advantage of ECA over 
conventional ECT is the ability to use the coils for different 
roles at different times in the multiplexing sequence. At some 
point during the scan, an element can be used as a driver and 
then later as a receiver. The topologies can be separated in 
two main groups, the first one being impedance bridge and 
the latter being Transmit-Receive (T-R).

A channel that is considered absolute will be sensitive to 
indications in all orientations. A single C-scan image will be 
displayed, but assessment on the flaw orientation, if linear, is 
limited if at all possible.

On the opposite, a transmit-receive probe will have two 
groups of channels, one sensitive to indications parallel to 
the scan axis (axial indications) and the other being sensitive 
to indications perpendicular to the scan axis (transverse 
indications). Both groups are sensitive to oblique and 
volumetric indications. This type of topology offers more 
information on the directionality of the indication, as two (2) 
separate C-scan images are created.

Besides directionality, the main advantages of T-R mode 
over impedance bridgeis that it is less sensitive to surface 
finish of the inspected part as well as lift-off. With some T-R 
topologies, depth of penetration can also be increased if 
needed.

·	 Axial and circumferential cracking
·	 Corrosion
·	 Fretting
·	 Pitting
The latest high-channel count acquisition units also 

enable acquisitions with high-resolution probes, allowing for 
detection of very small indications. The most performant fuel 
rod probe design can detect the following flaw type and sizes:

·	 Cracks: 5mm (L) x 0.5mm (W) x 0.11mm (D)	  
[0.2 in (L) x 0.02 in (W) x 0.004 in (D) ]

·	 Pitting through wall: φ0.25 mm	  
[φ 0.001 in]

·	 Sphere (RBH): φ 1.5mm x 0.12 mm (D)]	  
[φ 0.06 in x 0.005 in (D)]

Moreover, the design of this equipment took into 
consideration the high level of radiation (up to 1X106 RAD/h) 
present during the inspection and the fact that it was to be 
deployed underwater. The materials selected to manufacture 
the probe are radiation and water resistant and their content 
in fluoride is such that it respects standard regulations.

3	Fuel rod inspection
As mentioned in the introduction, fuel rods are a critical 

component of a nuclear reactor. They are optimized for each 
type of reactor. For example, PWR requires long rods (total 
assembly length around 4-5 meters) while PHWR rods are 
only 50 cm long.The bundling is also different: PWR are 
arranged in square lattice while PHWR are arranged in circular 
bundles. Nonetheless, the rods in all type of reactors are of 
great importance as they hold the fuel, and their integrity has 
an impact on nuclear power plant (NPP) performance.

Consequently, inspecting rods at the manufacturing stage 
as well as in service can prove important as it ensures better 
performance and reduces economic losses.

ECA is renown as a surface inspection, but in the case of 
fuel claddings, the wall is thin enough that ECA can be used 
to detect indications on the outside and inside wall of the 
cladding.

The failure mechanism can be different from one type of 
reactor to the other, but the most advanced fuel rod probes 
can detect a wide variety of flaws:

Fig. 5 :  Example of ECA C-scan showing directionality of transmit-receive probes
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Fig. 6	 :	Left: Picture of a fuel rod probe assembly for PWR. Right: Typical data display from fuel rod probes – axial and 
transversal C-scan. 11 indications (cracks and pitting),

4	Spent Fuel Pools
Used fuel from nuclear reactors is considered as Heavy-

Level Waste (HLW). Over the years, it has been determined 
that the best option to dispose of HLW is geological disposal. 
But prior to burying the used fuel, it is common to store the 
waste for a period of forty (40) to fifty (50) years above ground 
so that the level of heat and radioactivity has dropped by 99% 
of its initial value.

Most of the storage facilities either use storage ponds or 
dry canisters. Storage ponds are deep pools into which the 
used fuel is placed and surrounded by water. The water is 
used as a shield as well as a coolant.

Spent fuel pools are reinforced concrete pools protected by 
a steel liner. Each piece of liner is welded together. There are 

also plug welds in the face of the liners. Despite the great 
care taken in the assembly of these liners, welds remain 
potential sources of failure and need to be monitored.Upon 
construction of the spent fuel pool, inspection of the welds is 
less of a challenge as there are fewer obstacles, but in-service 
inspection is a different story as the pool is filled with water 
and used fuel. Consequently, water resistance is required and 
probe profile must be as low profile as possible in order to fit 
between the liner and the racks. Also, with the shape of the 
butt welds between each liner not being constant, flexibility 
of the reading surface is essential in order to conform to 
the changing geometry and keep constant contact with the 
surface (minimize lift-off).

Fig. 7	 :	Picture of a filled spent fuel pool. Photo courtesy.
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This where a low profile cushioned ECA probe comes in 
handy to overcome these challenges. The cushioned surface 
is flexible to ensure an acceptable level of detection in the 
toe area, but also requires that the coils are protected from 
water ingress using a flexible but incompressible compound. 
It is important it resists the pressure variation induced by 
water without impacting the probe flexibility (up to 51 psi at 
25m (82 ft) deep), so that the cushion is not compressed or 
deformed during immersion.

Fig. 8	 :	Padded probe design capable of conforming 
to weld caps up to 5mm high. Provides good 
detection performance in the toe area.

Another challenge arising for this application is the need 
for a low-profile probe. As depicted in Fig. 7, the racks of 
used claddings are stacked close to the wall. Considering the 
high radiation environment (in the range of 10,000 Rad/h), 
the deployment is done using a robotized system which must 
be taken into consideration when designing the eddy current 
array probe.

Finally, the biggest technical challenge coming from this 
application is the long cable length required to reach the 
floor of the pool. When using ECA, a phenomenon called 
resonance frequency can occur when working with long 
cable. The relationship between the system impedance (coil, 
cable and acquisition unit) can be displayed as a curve which 
varies with the injection frequency. Working at or very close 
to the resonance frequency shall be avoided as the system 
is in an unstable state when doing so. Studies and trials 
were performed in order to optimize detection levels while 
respecting the physics limits. Fig. 10 below shows how, for 
the same system, the cable length influences the resonance 
frequency. Note that the system impedance also varies, as the 
coil impedance is a function of the injection frequency.

Fig. 9	 :	Comparison of resonance frequency for 5 m (16.4 
ft) and 25 m (6.56 ft) long cables. Same coil 
inductance and cable capacitance.

5	Dry Canisters
Dry storage of spent fuel is done by placing cooled fuel 

bundles from a spent fuel pool inside a steel cask. In the 
case of the project described below, casks were made of 
stainless steel. The stainless-steel canisters are then enclosed 
in a ventilated concrete shell, which provides protection 
against radiation. Usually, the casks are above ground, but 
some are also partially buried, with only the top showing. 
The component of interest in this case is once again the 
conductive material, meaning the stainless-steel cask, and 
more specifically, the vertical cylinder.

Once again, good contact between the probe and the 
surface to inspect is essential in this application as well as 
conformability to compensate for the cylinder manufacturer 
tolerances and even different diameters of cylinders. In 
addition to those two requirements, it was necessary to 
design a probe with the lowest profile possible, as the sole 
entry into the concrete canister is through a narrow outlet 
vent. Moreover, profile limitation was important to consider as 
some rails and other structural features are present between 
the concrete shell and the steel cask. In some areas, the 
maximum available space was below 12.7 mm (0.5 in). The 
probe and the deployment mechanism holding the probe must 
fit within the outlet vent and below the rails. Such limitation 
prevents from using a typical rigid casing.

The solution proposed includes a flexible support where 
the coils are directly connected in order to minimize the 
space required for cable management over the flexible area. 
Micro-coaxial connections are deferred further back into a 
dedicated section that doesn’t need to be flexible. The flexible 
support can adapt to geometry variations and pass over low 
profile welds. Ground flush welds can be inspected using this 
solution.

Fig. 10	 :	Example of a dry canister design. Photo Courtesy.
As for the spent fuel pool application, canister inspections 

also occur at high temperatures, despite the ventilation 
system included in the assembly. Radiation level is lower, but 
still needed to be considered to ensure the probe’s longevity.

In terms of detection, the solution offers the benefits of 
having three embedded topologies, granting capabilities to 
detect various types of flaws:

·	 Short and shallow surface-breaking cracks and;
·	 Long and deep surface-breaking cracks and;
·	 Subsurface cracks.
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6	Conclusion
Nuclear power plants have been in operation for more 

than 60 years and will remain in the landscape for a while. 
The quality of cladding used to contain the fuel is important 
as it can have an impact on safety and performance during 
the service life of the fuel. Once the fuel pellets are no longer 
supplying enough energy, they still remain a hazardous waste 
that needs to be carefully stored. The storage containers 
used are also critical components that need to be monitored. 
Eddy current array is a non-destructive testing technique 
perfectly applicable for such applications, as it can be tailored 
specifically to optimize detection, coverage, inspection speed 
and even survive the harsh conditions of inspection (radiation 
and underwater in some cases). Successful projects to inspect 
fuel rods, spent fuel pool welds and dry storage canisters have 
been completed in the past few years, as described above. 
In addition to these applications, ECA may also be a good 
inspection technique when it comes to transportation of the 
fuel, or any other applications where sensitivity to small 
surface flaws and adaptability to challenging geometry is of 
essence.
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1. Introduction
The eddy current (EC) inspection is extensively used in defect 

detection and classifications due to its numerous advantages 
such as rapidity, non-contact mode of operation and it does 
not require a coupling agent [1–4]. EC testing can find a wide 
range of defects such as cracks, shells, seams, slivers, pitting, 
laps, weld-line defect etc. It can assess the criticallity of defects 
and provides a measure upto what extent it can be acceptable 
so that optimal quality control is maintained. Hence, quality 
assurance of engineeting components during their production 
process itself is a challenging task because tracing of individual 
defects at a production speed and attempting to find those 
locations is difficult task as well. In order to address these 
issues, developments of NDE based protocol along with smart 
signal analysis tools are indispensable. These issues can be 
addressed by using eddy current based NDE protocols that can 
detect, classify and qualify surface defects during production 
while provide immediate feedback on the product quality - 
even at production speed. A framework has been developed 
for incorporating the Orthogonal Test Method (OTM) in order 
to increase the sensitivity of the EC sensor for different kind 
of natural and artificial defects in steel wires. Smart signal 
analysis and processing toolkit has applied to the EC testing 
data for characterizing the naturally as well as artificial defects.
This produces a high demand of non-invasive based defect 
detection system that can be readily commissioned with the 
existing machine with small modifications. 

Apart from that other main parameter that quantifies the 
reliability of any NDT inspection techniques is probability of 
detection (POD) [5]. In general, a good EC testing solution 
must satisfy the following three requirements: (i) A fast 
detection of the location of cracks; (ii) Capable of describing 
the shape of natural cracks and (iii) The algorithm should be 
robust in the presence of noise in EC signal. For a particular 

crack reconstruction algorithm the first two aspects many not 
be clearly related to noise factor but the result of the shape 
reconstruction can be significantly affects by random noise 
in the testing signals [6]. Eddy current generated within the 
metallic parts is the function of alternating magnetic field 
which couples with it. The frequency of excitation affects 
the depth of penetration of eddy current. Quantification 
and classification of surface defects and representing there 
characteristics is one of the most complex task associated 
with eddy current inspection. Defects occur in engineering 
components such as wire/rods are broadly named as sliver, fin, 
crow feet, longitudinal defects, transverse crack. Exploration 
of characteristic phenomena observed in coil impedance 
for other types of defects such as silver, fin craw fit will 
eventually help to characterize defects in broader scale. The 
ECT signal characterization can be broadly classified in two 
ways i. Signal based classification in which Eddy current 
1D signal representing sensor resistance and reactance are 
classified using different regression tools and ii. Shape based 
classification in which complex sensor coil impedance patterns 
are classified using neural networks [7].

2. Experimental, Results and Discussions
Defect classification based on signal processing are relatively 

easier compare to shape based classification as it involves less 
computation complexity. The characteristic feature that has to 
be explored for classification and quantification of defects are 
transient in nature so merely doing Fourier transformation (FT) 
of the ECT signal will not help to classify and quantify the 
defects present in wire/rods. Wavelet based transformation 
techniques are most commonly found in literature as it provides 
wide range of classifier/wavelet families that helps to extract 
characteristic feature even from noisy signals. Wavelet based 
time-frequency transformation requires proper selection of 
wavelet family to ensure proper extraction of relevant feature 
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sensor coils but still certain assumptions has to be made 
in terms of parasitic, initial and boundary conditions. The 
models till now developed are static in nature and does not 
incorporates dynamic evaluation were the sample or sensor 
coil/coils are in relative motion to each other in simulation. 
Once the simulation models are evaluated physical sensor 
has been developed using CNC based micro wire coil winding 
machine. The use of CNC based winding machine ensures 
uniform winding maintaining layers. This makes the sensor 
more identical to its respective simulation design and reduces 
the deviation in electrical parameters obtain from physical ECT 
sensor coil and simulation model. The entire probe developed 
were characterise using 4294A Agilent Impedance analyzer. 
The dimensional variables taken as factors of OTM are listed 
in table 1 with its respective values. The dimensional details of 
the sensor coil designed in ComSol Multi-Physics are listed in 
table 1 and material parameters used in simulation are listed 
in table 2. 

Table 1	 : Details of sensor structure size taken in 
simulation

Coil Geometry
Coil Type Absolute
Wire SWG 28
Wire Diameter 0.376[mm]
Number of Turns 252
Coil ID 5[mm]
Coil OD 11.76[mm]
Coil Length 10[mm]
Wire Material Copper
wire Electrical Conductivity 6e7[S/m]
Current fed into coil 10[mA]
Frequency of Excitation 50[KHz]

Table 2	 :	 Material parameters used in simulation 
analysis 

Sample Details

Sample Diameter 2[mm]

Sample Length 20[mm]

Electrical Conductivity 1.12e7[S/m]

Relative Permeability 200

Relative Permittivity 1

without any information loss. Discrete wavelet transform 
(DWT) with level based thresholding to eliminate noise due 
to surface irregularity resulting in lift-off variation in boiler 
vessel pipes [8].The obtained EC signals are decomposed 
into detail and approximate coefficients through successive 
high and low pass filtering. The coefficients obtained in each 
level gives frequency content of the decomposed EC signal 
at its respective levels which is one of the characteristic 
feature which are used for signal classification. On the other 
hand statistical approaches are also practised to eliminate 
noise from the EC signals. Classifications of noises present 
in EC signal are of paramount importance for enhancement 
of detection abilities of anomalies present on sample under 
test. Noises are modelled using simplistic Gaussian models 
to design statistical based filtering algorithms to eliminate 
desired noise from acquired EC signals [9]. Once appropriate 
filtering of the signal is done variations recorded in signal 
due to surface abnormalities can be post evaluated for defect 
characterization using non-linear regression techniques and 
neural networks [10]. In this work we have tried to extract 
the relevant features which are obtained both from statistical 
modelling and wavelet based transformation of raw eddy 
current signals. Then an appropriate neural network (NN) 
has been trained with signals obtained for artificially created 
transverse and longitudinal defects. Selection of appropriate 
neural network (NN) activation function has been evaluated in 
this work. The proposed neural network (NN) has been trained 
over several data sets with different process combinations 
such as wire/rod drawing speed, lift-off variation, wire/
rod vibration and the type of defects which are developed 
artificially in pilot scale. 

2.1 Sensor/Probe Simulation 
A very well practised method for optimizing eddy current 

sensor probe is orthogonal test method (OTM). The proposed 
method is purely empirical but at the same time very effective. 
It reduces the workload of fabrication and increases the 
efficiency of the sensor probe [11] . 

Numerical model are generally developed to optimize 
coil dimension in several electromagnetic based simulation 
software. All though the models are extremely closer to actual 

Fig 1a Fig 1b Fig 1c 
Fig. 1	 :	(a) Coil with sample Isometric View; (b) Side View; (c) Top View
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2.2 Simulation results
There are two types of defects that have been considered 

for simulation analysis (longitudinal and transverse defects). 
Figure 2 shown below shows the CAD representation of the 
defects considered in simulation model. The defects are varied 
in size and potential developed accross the terminals of the 
coils has been evaluated for each case.The results obtained 
from simulation model with above mentioned sensor and 
material details are listed in table 3 and 4. 

Fig 2a

Fig 2b
Fig. 2	 :	(a) Longitudinal Defect (b) Transverse Defect

Table 3	 :	 Simulation results for longitudinal defects 
ranging from 100 micron to 500 micron

Sl. No. Defect Size, 
micron

Voltage across coil, 
Volt Delta mV

1 0 1.0534

2 100 1.0639 10.50

3 150 1.0665 13.10

4 200 1.068 14.60

5 250 1.0672 13.80

6 300 1.0689 15.50

7 350 1.0733 19.90

8 400 1.0765 23.10

9 450 1.0745 21.10

10 500 1.0808 27.40

Table 4	 :	 Simulation results for transverse defects 
ranging from 100 micron to 500 micron

Sl. No. Defect Size, 
micron

Voltage across coil, 
Volt Delta mV

1 0 1.0534  

2 100 1.0669 13.50

3 150 1.0632 9.80

4 200 1.0626 9.20

5 250 1.0643 10.90

6 300 1.0629 9.50

7 350 1.0658 12.40

8 400 1.0648 11.40

9 450 1.0634 10.00

10 500 1.0626 9.20

Fig 3	 :	Simulation result showing normalized magnetic 
flux density (T) within wire

Fig 4	 :	Plot for change in voltage signal across coil w.r.t to 
clean sample compare to transverse defects

As one can see that eddy current are more sensitive to 
longitudinal defect compare to transverse defetc. The coil 
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impedance change shows some trends with the defect size. 
These observations are purely done on the basis of simulation 
analysis. 

2.3 Experimental result
Physical coil was fabricated with optimized structural 

parameters obtained from simulation analysis. The sensor is 
then encapsulated inside a proper housing arrangement fitted 
with guiding rollers to minimize wire vibration and maintain 
constant lift-off. The entire inspection system is embedded into 
a single unit with high speed data acquisition (DAQ) card. The 
acquired voltage signal across the coils is further amplified to 
improve its signal to noise ratio (SNR). The amplified ac signal 
is then converted into its equivalent DC value using modulator/

demodulator unit. The final output of the system is scaled in 
the range of 0 to 10 Volts. The final DC output is ploted in strip 
mode plotter where straight line signal represent clean defect 
free wire. The DC signal shows specific peaks with different 
transient feature when ever a crack of defects passes through 
the coil. The transient responses are unique for different 
types of defects. If the speed of wire drawing is known then 
these transient parameters for defect can be used to evaluate 
sevearity of different types of surface defects and welds 
subjected to post signal processing. The below figure 5 shows 
the mechanical arrangement done at laboratory to simulate 
the wire drawing process. In the below shown arrangement 
wire can rotate at varying speed upto few meter per second. 

Fig 5	 :	Experimental setup to detect weld joint using ECT system
The final DC output signal for butt-weld done on 2 mm steel wire has been capture using high speed data acquisition card and 

recorder over LabView program is shown in figure 6 below.

Fig 6	 :	Weld Signal capture using ECT system 
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3. Conclusion
A technical review of Eddy Current (EC) NDE technique 

in various scope of defect detection in high end drawn 
wires has been demonstrated. A framework using eddy 
current based NDE protocols was developed that can detect, 
classify and qualify surface defects during production while 
provide immediate feedback on the product quality - even at 
production speed. Smart signal analysis and processing toolkit 
was applied to the EC testing data for characterizing alongwith 
severities of defects. The effectiveness of the proposed 
technique has been demonstrated on experimental data from 
eddy current inspection of defects in high speed drawn steel 
wires. This produces a high demand of non-invasive based 
defect detection system that can be readily commissioned 
with the existing machine with small modifications.
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1.	Introduction
Integrated high-flux X-ray based Digital Radiography and 

Computed Tomography (DR&CT) using two-dimensional 
Digital Detector Array (DDA) such as Flat Panel Detector 
(FPD) is one of the upcoming imaging technologies for Non-
destructive Evaluation (NDE) of industrial specimen. It offers 
acquisition of direct digital radiographic images and facilitates 
generation of volume tomographic data for advanced NDE 
analysis. Further, image generation with FPD is almost a real-
time process, with a time lapse between exposure and image 
display of about less than 10 seconds. Consequently, this 
imaging technology is highly productive and more specimens 
can be examined in the same amount of time than with other 
radiographic modalities such as film-based radiography and 
computed radiography.

In industrial domain, an indirect conversion FPD using 
terbium-doped gadolinium oxysulfide (Gd2O2S:Tb - GOS) 
scintillator coupled with amorphous silicon (a-Si) is one of 
the most widely used 2D DDA due to its higher Detection 
Quantum Efficiency (DQE) at low dose, high dynamic range 
and resistant to mechanical stress [1 - 6].

From a digital image interpretation standpoint, final quality 
of a digital image from a specific detector is an important 
metric. The quality of a digital image is affected by several 
factors involved in the entire imaging chain including 

exposure parameters, exposure technique, nature of the 
display technology, imaging software and inherent property 
of a detector. Some of the inherent properties of the detector 
which influence the image quality are Spatial Resolution 
(SR), Signal-to-noise Ratio (SNR), DQE, detector Image Lag 
(IL) (ghost images and residual images), Offset Level (OL), 
Burn In (BI), internal scatter radiation and bad pixels. The 
other metrics such as achievable Contrast Sensitivity (CS) and 
specific Material Thickness Range (MTR) are dependent on 
both the detector used as well as specimen under test [7]. Due 
to spatial and temporal anomalies and possible degradation of 
the FPD performance over time, it is important to periodically 
evaluate its performance to ensure the image quality, level 
of accuracy, sensitivity and long-term stability [8]. The testing 
procedure requires the usage of either the five-groove wedge 
or the duplex plate phantom with separate Image Quality 
Indicators (IQIs) [9]. 

The present paper describes evaluation of radiographic 
performance of an in-house developed DR&CT imaging facility 
with GOS based FPD system using duplex plate phantom.
Image quality parameters have been analysedaccording to 
the standard ASTM E2737-10 [9]. These parameters include 
IL, OL, bad pixel distribution, BI, SR, MTR, CS, and Signal Level 
(SL).The study also includes determination of Modular Transfer 
Function (MTF) using edge response method and Basic Spatial 
Resolution (SRb) of the system with duplex wire phantom.
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Abstract
Integrated high-flux X-ray based Digital Radiography and Computed Tomography (DR&CT) using two-
dimensional (2D) Digital Detector Array (DDA) is one of the upcoming imaging technologies for Non-
destructive Evaluation (NDE) of industrial specimen. It offers acquisition of direct digital radiographic 
images and facilitates generation of volume tomographic data for advanced NDE analysis. Scintillator based 
DDAs are commercially available and are known as indirect Flat Panel Detectors (FPDs). Due to spatial 
and temporal anomalies and possible degradation of the FPD performance over time, it is important to 
periodically evaluate its performance to ensure the image quality, level of accuracy, sensitivity and long-term 
stability. The present paper describes evaluation of radiographic performance of an in-house developed 
DR&CT imaging facility with Gadolinium oxysulfide (GOS) based FPD system. Image quality parameters 
such as Image Lag (IL), Offset Level (OL), bad pixel distribution, Spatial Resolution (SR), Material Thickness 
Range (MTR), Contrast Sensitivity (CS), Signal Level (SL) and Signal-to-Noise Ratio (SNR) have been 
analysed. The study also includes determination of Modular Transfer Function (MTF) and Basic Spatial 
Resolution (SRb) of the imaging system.

Keywords: Digital Radiography and Computed Tomography (DR&CT), Digital Detector Array (DDA), 
Non-destructive Evaluation (NDE), Flat Panel Detector (FPD), Material Thickness Range (MTR), Contrast 
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Offset Level (OL): For determination of OL value, the DDA 
response was measured with no offset or gain corrections and 
without radiation. But, activate the bad pixel correction. Before 
measurement of the OL value, the DDA was powered ON for 
30 minutes to get the DDA stabilized at room temperature. 
One image with about 30 s integration time was captured 
without radiation (ImageOL). Later, a Region of Interest (ROI) 
of about 90% of the active area of the DDA was drawn and 
mean GV in the ROI was measured which represents OL.

Image Lag (IL): For determination of IL value, the DDA 
response was measured with no offset-correction or gain-
correction but with active the pixel correction. First, the DDA 
was exposed with a constant dose rate with the selected 
energy at about 80 % of saturation Gray Value (GV) of the 
DDA. The lag of the detector was measured using three 
images: (i) an offset image (L0) captured without radiation 
(ii) an image (L1) captured with about 10 s total integration 
time (e.g., an average of 10 frames using one second frame 
times) and (iii) an image (L2) captured while shutting down 
the X-rays (e.g., With the X-rays remaining on, an average 
image of a sequence of images captured for about 20 s while 
shutting down the X-rays after approximately three seconds). 
After image acquisition, a ROI of about 50 x 10 pixels was 
drawn at the same position in all images and the mean GVs 
were noted. The lag was calculated using mean GVs of L1 
and L2 corrected by offset image mean GV according to the 
following equation [9].

	 (1)

Bad pixel distribution: For this purpose, all relevant clusters 
were noted from the file supplied by the manufacturer and 
Bad pixel map (ImageBP) was stored.

Spatial Resolution (SR): For determination of SR value, a 
duplex-wire IQI was directly placed on the phantom in the 
region of smaller thickness (see Figure 1(a)). A line profile was 
created through the duplex-wire gauge such that the profile 

2.	Experimental Details

Figure 1	 :	(a) Duplex plate phantom with required IQIs positioned on the plates (one ASTM E1025 or E1742/E1742M penetrameter 
on each plate and one ASTM E2002 Duplex Wire IQI on the thinner plate) (b) image showing bad pixel distribution 
before correction (c) calibrated image (after offset, gain and bad pixel corrections) with horizontal and vertical line 
profiles.

Duplex plate phantom used in the present experimental 
study to evaluate performance of the X-ray DR&CT system 
with FPD is shown in Figure 1(a). The duplex plate phantom 
consists of two flat plates of 6 mm and 10 mm so that the 
thickest part of the phantom is 16 mm. The plates were 
constructed from Stainless Steel (Material group 1). The plates 
were positioned such that the second plate covered half of 
the first plate. The thickness of both plates together is similar 
to the highest material thickness that can be inspected for a 
given X-ray voltage. The IQIs have been positioned on the 
plates in accordance with the standard. One ASTM E1025 or 
E1742/E1742M hole-type penetrameter on each plate and 
one ASTM E2002 Duplex wire IQI on the thinner plate have 
been placed to evaluate the quality of the FPD system. The 
FPD used in the present study has GOS scintillator with a bit 
depth of 16 bits signal digitization and 200 µm pixel size. Prior 
to the performance testing, the FPD was calibrated for offset 
and gain to generate corrected images for each exposure 
conditions and detector settings used in the testing procedure. 
Besides that, bad pixel correction was also performed in 
accordance with standard ASTM E2597 [10]. Figure 1(b) 
shows the bad pixel distribution of the FPD system. It can be 
noted that the bad pixels have been highlighted with arrows. 
Figure 1(c) shows white image acquired after offset, gain and 
bad pixel corrections. Horizontal and vertical line profiles can 
be seen in the figure.

The measurements were made using a constant potential 
X-ray tube with focal spot size of 0.4 mm and maximum 
voltage of 200 kV. The phantom was placed directly on the 
FPD. The source-to-detector distance was 1650 mm. Table 1 
reports the exposure parameters (tube voltage, current and 
integration time) used for the performance testing of the FPD 
system. The acquired digital images have been evaluated to 
measure IL, OL, bad pixel distribution, BI, SR, MTR, CS, and 
SL. Further, Modular Transfer Function (MTF) and Basic Spatial 
Resolution (SRb) of the system were determined using edge 
method and duplex wire gauge, respectively. The description 
of these measurements is presented below.
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covered approximately 60 % of the width of the duplex wires. 
The largest wire pair with less than 20% dip resolution has 
been determined to obtain the SRmin. 

Contrast Sensitivity (CS): For CS test, two hole-type IQIs were 
used. Each one of the IQIs was placed directly on the surface 
of the duplex plate phantom (one in the thinner thickness and 
one in the thicker thickness region). The CS was calculated by 
the difference in Signal due to the 2T hole divided by the noise 
around the hole (see Figure 1(a)) in relation to the quotient 
of the material thickness of the step and the penetrameter. 
The diameter of the hole [in pixels] was measured as Dhole. 
A small ROI with half of the size of the diameter Dhole was 
placed inside the hole. The median GV of the ROI was taken 
as GVmedian [hole]. Two square boxes with double the size 
of Dhole and four times the size of Dhole were drawn about 
the hole as shown in Figure 2(a). The mean GV of the area 
between both boxes were measured as GVmean [beside 
squares]. The standard deviation in that area between the 
boxes was measured as Sigma [beside squares]. With the total 
material thickness at the position of the IQI (base material + 
IQI thickness) MTtotal and the thickness of the IQI MTIQI the 
Contrast Sensitivity was determined by [9]: 

	 (2)

where GBV is the required contrast of the hole (i.e., 2.5). 
This value shall be agreed between user and customer. The 
values for the thin and the thick region of the Duplex Plate 
Phantom were documented.

Material Thickness Range (MTR): maximum material 
thickness range was evaluated from the calculation of CNR 
mentioned above through the hole-type IQI in the thicker 
region of the duplex plate phantom. The CNR was calculated 
by the difference in mean GV due to the 2T hole divided by 
the noise around the hole. The MTR is determined by the 
following condition: If CNR>GBV this material thickness can 
be inspected and the test is passed.

Signal-to-noise Ratio (SNR): For the measurement of SNR, 
two ROIs of 50 x 50 pixels on the thin area (ROI 1 and ROI 
2) and two ROIs on the thick area (ROI 3 and ROI 4) were 
drawn at the locations of the Duplex Plate Phantom as shown 
in Figure 2(b). The mean signal GVmean and the standard 
deviation (Sigma) of each ROI were measured. SNR is the 
quotient of both, according to the following equations [9]:

 	 (3)

	  (4)

Signal Level (SL): The SL values for the thin and thick 
material were determined by the same four ROIs (ROI 1, ROI 2, 
ROI 3 and ROI 4) mentioned above. SL value for each ROI was 
obtained by the mean GV divided by the standard deviation 
(Sigma) as per the following equations [9]: 

	 (5)

Modular Transfer Function (MTF): The MTF quantifies the 
spatial resolution of an imaging system. The MTF can be 
calculated using two methods: edge method and slit method 
[12 - 14]. In the present study, edge method has been used 
as edge test objects are widely available. To test the MTF of 
the FPD system a specimen of thin rectangular stainless steel 
plate with polished edge and surface was used. The specimen 
was directly placed on top of the detector surface with a small 
tilt angle (~ 2 degrees) between the edge and the row or 
column of the detector pixel array. The image of the slanted 
edge was taken to produce the Edge Spread Function (ESF). 
The ESF was then differentiated to obtain the Line Spread 
Function (LSF). Finally, the MTF of the LSF was normalized to 1 
at zero frequency. The MTF was calculated from the following 
equation:

	  (6)

3.	Experimental Results and Discussion
After correcting for bad pixels, SRb of the FPD system has 

been evaluated using two duplex wire IQIs. Arrangement of 
the duplex wire IQIs is shown in Figure 3. Figure 4 shows 
horizontal and vertical line profiles for evaluation and SRb of 
200 microns has been achieved. Table 1 presents exposure 
parameters used for the performance evaluation of the FPD 
system using various parameters. Table 2 shows summary 
of the results obtained from the experimental measurements 
performed with and without the duplex plate phantom. Image 
quality parameters of IL, OL, SR, MTR, CS, SL, SNR, MTF and SRb 
were analysed to assess the performance of the FPD system. 
They provide knowledge about the quality characteristics of 
the analysed FPD system and assists in selecting the detector 
for a given application. Figure 2(b) presents the duplex plate 
phantom image with ROI 1 to ROI 4 for evaluation of signal 
level and SNR test parameters. In the present study, the duplex 
plate phantom has been designed with the highest thickness 
of 13 mm, so the maximum MTR achieved is 13 mm with 
CNR of 14.9. The SR value of 200 microns has been achieved 
(Figure 5). A SL of 5068 has been achieved. The FPD system 
presented CS and SNR of 0.64% and 92 values for thick region, 
respectively. The system exhibits short lag, which is a residual 
signal in the FPD that occurs shortly after the exposure is 
completed. To determine MTF, ESF and LSF were calculated. 
The acquired digital images were evaluated through the 
IQWorks v0.72 (Revision 23307) open source software. Figure 
6(a) and 6(b) show ESF and LSF obtained by differentiating 
ESF at three different exposure conditions (100 kV, 150 kV and 
200 kV). The MTF values were calculated from the LSF and 
normalized to 1 at zero frequency as shown in Figure 7. The 
MTF studies showed that this FPD gives spatial resolution of 
2.75, 2.70 and 2.69 line pairs per mm at detector plane for 
100 kV, 150 kV and 200 kV, respectively. These studies provide 
a good understanding about the behavior of the FPD system 
and its influence on the quality of the digital radiographs. The 
data will serve as reference data for the future measurements.
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Figure 2	 :	(a) Determination of contrast sensitivity using 
hole-type penetrameter for thick region of duplex 
plate phantom (b) Duplex plate phantom image 
with ROI 1 to ROI 4 for evaluation of signal level 
and SNR.

Figure 4	 :	Line profiles for evaluation of Basic Spatial Resolution (SRb) of FPD (a) Horizontal profile (D7 < 20%) (b) vertical profile 
(D7 < 20%) 

Figure 3	 : Arrangement of Duplex wire IQIs for evaluation of 
detector Basic Spatial Resolution (SRb).

Figure 5	 :	Line profile showing basic spatial resolution of 200 µm (D7 < 20%) using the 200 µm pixel FPD and 0.4 mm focus 
X-ray tube.
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Table 1	 :	 Exposure parameters used for the 
performance evaluation of the FPD system.

FPD Tests X-ray tube 
voltage (kVp)

Current 
(mA)

Integration 
Time (s)

GOS based 
FPD

IL 200 0.6 10 s

OL 200 0.6 30 s

MTF

100 1.7 1 s

150 0.8 1 s

200 0.55 1 s

Offset 200 0.6 10 s

Gain 200 0.6 10 s

Other tests with 
phantom 200 0.6 20 s

Figure 6	 :	(a) Edge Spread Function (ESF) at three different exposure conditions (100 kV, 150 kV and 200 kV) (b) Line Spread 
Function (LSF) at three different exposure conditions (100 kV, 150 kV and 200 kV).

Figure 7	 :	Plot of MTF vs. spatial frequency at three different 
X-ray tube voltages.

Table 2	 : 	Image quality parameters achieved using duplex plate phantom for the FPD system.

Image quality parameter Result

Image Lag IL(%) 0.17%

Offset Level (OL) 5140

Bad pixel distribution Stored the bad pixel map

Spatial Resolution (SR) 200 microns

Material Thickness Range (MTR) 13 mm

Contrast SensitivityCS(%)
Thin 0.92%

Thick 0.64%

Signal Level (SL)
Thin 5068

Thick 1911

Signal-to-noise Ratio(SNR)
Thin 128

Thick 92
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4.	Conclusion
This paper presents performance evaluation of an in-

house developed X-ray Digital Radiography and Computed 
Tomography (DR&CT) imaging facility with GOS based Flat 
Panel Detector (FPD) system. A duplex plate phantom has been 
designed and fabricated to perform the quality tests as per 
ASTM E2737-10. Image quality parameters such as Image Lag 
(IL), Offset Level (OL), bad pixel distribution, Spatial Resolution 
(SR), Material Thickness Range (MTR), Signal-to-noise Ratio 
(SNR), Contrast Sensitivity (CS), and Signal Level (SL) have 
been analysed. Studies have been carried out to determine 
system Modular Transfer Function (MTF) using edge-response 
function. The system Basic Spatial Resolution (SRb) has 
beenevaluated using duplex wire phantom. It is observed 
that the experimental results are in accordance with the FPD 
specifications and hardware limitations. The study may serve 
and provide typical reference data for future applications.
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1.	Introduction
Guided waves are used for locating various types of defects 

in plates and pipes. This inspection technique can provide 
location andseverity of the defects[1]. Fast detection of defects 
in large areas scanning is the main attraction of the guided 
waves. An important class of guided waves is the shear 
horizontal (SH) waves[2].Non-destructive testing methods use 
Shear Horizontal waves in various areas. They are mainly used 
to inspect quality of plates, pipes, welded joints[3]. EMATs are 
the device that consists of coils and magnets to excite and 
receive ultrasonic waves in an electrically conducting material. 
In order to achieve shear horizontal wave mode excitation in 
Aluminium plates, based on the Lorentz force mechanism, 
Periodic permanent magnet (PPM-EMAT) is used along with 
racetrack coil [4]. PPM-EMAT has a series of alternating 
polarity magnets arranged consecutively. Eddy current is 
generated on the surface of the specimen when current 
passes through the racetrack coils. Magnetic field interacts 
with eddy current, producing the Lorentz force. The direction 
of Lorentz force distribution causes shear horizontal wave 
generation. Distance between magnets of the same polarity is 
the wavelength of the SH wave generated.

In this paper, we are trying to investigate the dependency 
of bevel angle with SH guided wave modes[5]. It has been 
analytically proved that various bevel angles behave differently 
with different incident wave modes. The objective of this paper 
is to investigate the dependency of shear horizontal guided 
wave modes with beveled plate edges. Brahim Mohammedi 
et al.[1] have studied the interactions of SH waves with the 
beveled plates analytically. In this study, we are attempting 
to experimentally validate the SH0 dependency with various 
bevel plate angles 

2.	Analytical Solution
In this study, we analyzed the reflection behaviour of SH0 

wave mode with different bevel angles. The analyzed plate 
is divided into two regions by introducing a semi-circular 
fictitious common boundary as shown in Fig. 1. The plate is 
assumed to be linearly elastic, homogeneous and isotropic. 
From region I, an incident SH wave travel towards the artificial 
boundary, impinges on the beveled free end of the plate, 
reflects and sets up a standing wave in the bounded region II. 
Then the corresponding time dependent displacement fields in 
the region I and II are derived from Navier equations [3]. This 
is expressed as cartesian coordinates for the region I and in 
cylindrical coordinates for region II.

Reflection study of shear horizontal wave modes with beveled plate edges
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Fig. 1	 :	Geometry of the plate structure showing partitioned wedge and fictitious boundary
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Rmq = Eref/ Einc

Where m is the order of the reflected wave mode, q is the 
order of the incident wave mode. Now the plot is drawn for 
Rm0 versus variation of the beveled edge angles. 

The amplitude ratio of reflected SH0 wave mode to incident 
SH0 wave mode for bevel angles at the range 20 to 90 deg is 
shown in Fig.2. It is observed that as the angle changes, the 
reflection amplitude also changes and there are certain bevel 
angles at which the reflected SH0 wave mode completely 
vanished. 

After that, the interface continuity of displacement and 
stress conditions on the fictitious boundary is applied in both 
the regions to get the solutions. The solution of the reflected 
waves for the region I is expressed as an infinite sum of wave 
functions. For region II, the solution is represented as an 
infinite Bessel-Fourier sum. 

After limiting the infinite series properly, this leads to a set 
of algebraic equations from which we will get to know the 
amplitudes of reflected SH wave by solving those equations[5]. 
Then the results are presented in terms of the ratio between 
the energy of the reflected mode and the energy of the incident 
mode for a wide range of beveled angles. 

Fig. 2	 :	Analytical results of Amplitude ratio versus bevel edge angle

Fig. 3.1	 :	Front view of the bevel plate

Fig. 3.2	 :	Top view of the bevel plate

3.	Experiments
4 mm Aluminium plate with bevel edge is used for 

this experiment. To generate and receive shear horizontal 
waves, PPM-EMAT is used as a transmitter and receiver. The 
wavelength of the PPM-EMAT used is 6.35 mm. For generating 
SH0 wave mode, the excitation frequency of 483 kHz is used, 
which is found from the phase velocity dispersion curves as 
shown in fig. 4. PPM-EMAT generates SH0 and is directed 
normally towards the beveled end of a plate [reflection paper 
at different angles]. From there, the reflected SH wave is 
received with the help of PPM-EMAT[6]. The schematic of the 
experiments performed is shown below in Fig. 3.1 and Fig. 
3.2. The angle of the bevel plate edge varies from 300 to 900 
with an increment of 150. INNERSPECTMPowerbox is used to 
carry out all these experiments. 
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3.1 Selection of excitation frequency from 
the phase velocity dispersion curves
The guided wave mode that is used in our experiment is the 

SH0 mode. Wavelength constrained excitation known as Comb 
transduction is used here for excitation. The wavelength of 
excitation (λ) used is 6.35 mm. The frequency of SH0 excitation 
is chosen from the phase velocity dispersion curve shown 
in Fig. 4[7]. The red solid curves denote symmetric modes 
and the blue solid curves denote antisymmetric modes. The 
black dashed line represents the constant wavelength line 
which is nothing but the wavelength of the PPM-EMAT. Then 
the excitation frequency of SH0 is selected by projecting the 
intersection point of the SH0 wave mode line and the constant 
wavelength line into the frequency axis. These two lines 
intersect at a frequency of 483 kHz. This is the SH0 generation 
frequency for 6.35 mm wavelength in 4 mm Aluminium plate. 

Fig. 4	 :	SH mode phase velocity dispersion curves for an 
aluminium plate of 4 mm thickness. The dashed 
line represents the constant wavelength line of 
6.35 mm.

3.2 Results
Fig. 5. shows experimental A-scans at different bevel edge 

angles. The wave mode that reaches around 200 μs is the 
reflected SH0 wave mode. Another wave mode that reaches 
around 100 μs is the incident SH0 wave mode and the signal 
next to it represents the part of generated SH1 wave mode. 
From Fig. 5, it is evident that up to 60° bevel edge angle, the 
amplitude of reflected SH0 wave decreases. The amplitude is 
minimum at a 60° bevel edge angle. As the angle of bevel 
edge increases from 60°, the amplitude goes on increasing. 
The variation of the amplitude ratio of SH0 is shown in Fig. 6.

Fig. 5	 :	A-scans from the experiment at different bevel 
angles.

From the A-scans obtained from experiment, the results are 
defined in terms of the amplitude ratio, which is nothing but 
the ratio between the reflected SH0 wave mode to the incident 
SH0 wave mode. 

Now the experimental results are compared with the 
analytical solutions as shown in Fig. 6. Most of the bevel 
angle experimental results, matches with the predicted 
analytical solutions. The slight deviation obtained in the 
results can be due to mode conversion from SH0 wave modes 
to other higher order SH wave modes or to other Lamb wave 
modes[8]. The analytical solution predicts the results exactly 
at the single frequency. The deviation in the result can be due 
to the presence of wide bandwidth in the incident SH0 wave 
mode[9]. 

Fig. 6	 :Comparison of experimental results versus 
analytical results 

4.	Conclusion
The reflection of SH0 waves by the beveled plate edge is 

examined through analytically and experimentally. Then the 
experiment is conducted on an Aluminium plate having five 
different bevel edge angles. It was proved that the results got 
through experiments agrees well with the analytical results. 
This study has shown the existence of critical bevel angles 
where the reflection SH0 wave amplitude is either 0 or 1. At 
critical bevel angles, where the amplitude ratio is 1, the SH0 
wave mode reflects with the same incident energy without 
mode converting to any other wave mode. At critical bevel 
angles where the amplitude ratio is zero, no SH0 wave mode 
reflects back. 
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