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Abstract— In modern industry, accurately assessing metal coupling by welding is critical. Given its reliability and other advantages, 

the eddy current test (ECT) is essential and commonly used in metal processing, especially welding. The classical ECT assesses the 

presence of discontinuities in the structure by monitoring the change in the probe's impedance. According to the wireless power transfer 

(WPT) theory, ECT members will exchange power wirelessly through mutual induction determined by inductance, capacitance, and 

resistance (LCR). The cracks will affect the mutual induction in the ECT's power exchange. Since LCRs are impedance components, 

the crack in the target will affect the system’s mutual induction, as it did to the impedance in the classical ECT. This study applies the 

WPT model of ECT, implements system response analysis to assess cracks, and compares the results with classical ECT. The test piece 

is a metal arc-welded joint on SS 316 with an implanted notch on the welded joint to simulate the crack. A series of initial tests were 

performed to ensure the test piece was defects-free. Simulation and a frequency scan were performed to acquire a safe measurement. 

The result was that both the classical ECT and the system’s response analysis successfully assessed the presence of cracks with excellent 

agreement. The system’s response analysis yields a more rapid result than classical ECT. 
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I. INTRODUCTION

In modern industry, welded joints are commonly used to 

couple various metals. Several tests must be performed to 

evaluate the structure's performance against mechanical 

failure, including tensile and compressive tests categorized by 

their load, such as operational loads for standard service and 

overloads for exceptional service. Various modes of failure 

can occur to the structure at multiple stages, such as the 

operational and fabrication stages [1]. A common issue in a 

structure's welded joints is fatigue failure, caused by the joint's 
inability to cope with the loads applied to it. Tests, either 

destructive or non-destructive, must be performed to produce 

a safe structure. 

ECT has been developed for non-destructive test purposes 

in many applications, including defect tests, plate thickness 

tests, coating thickness tests, material identification, and 

monitoring damage to metal structures caused by heat. 

Researchers have made many modifications to ECT by 

varying the frequency (single, multiple, pulsed, or swept) and 

the geometry of the probe. The increase in sensitivity of the 

measurement and the ability to determine the geometry 

become the common goals in the eddy current research 

subject [2].  
The testing of the ECT is divided into experimental and 

simulation stages for confirmation and validation tools [3], 

[4]. The computer is utilized to perform the finite element-

based simulation. Testing of electromagnetic analysis and 

methods (TEAM) dictates that the experimental system for 

the ECT test must consist of at least three components. The 

injection component includes an oscillator or current 

generator and an injection coil, the detection component 

consists of a detection coil, and an indicator device displays 

the signal quantity received by the detection system in the 

ECT network [5]–[7]. In ECT, a crack in a conductive 
structure will produce a higher amplitude than a location 

without cracks [8]. The impedance of the target or assessed 

location affects the signal level in ECT. The impedance of the 

probe alters when the probe is in the vicinity of the crack. By 

definition, impedance is the total resistance given by the target 

to changes in current injected from the injection system and 

consists of resistance, inductance, and capacitance. 

1126



Inductance occurs because a magnetic field changes the 

voltage in an electric circuit. The changes in impedance will 

alter the amplitude of the signals. In ECT, the presence of 

cracks in the metallic structure will produce a higher 

amplitude compared to the one without cracks. 

According to WPT theory, the ECT system’s components, 

consisting of an injector, detector, and target, will exchange 

power wirelessly when a stimulus frequency is applied. Based 

on this analogy, ECT can be analyzed using WPT theory, 

which models the transfer of energy through the LCR network 
between the coils [9]–[11]. In WPT, power exchange between 

the members is calculated with the system’s response at a 

certain point of the system. The point above is the point where 

the output of the system is being monitored. The system's 

impedance determines the system's response when injected 

with a specific amount of stimulus power and is used 

mathematically to analyze the system's response.  

The development of ECT is increasing along with 

technological advances. Various techniques and methods 

were applied in ECT experiments, with the common goal of 

achieving rapid and reliable results. However, a system's 
response analysis had never been implemented to assess flaws 

in metallic structure as the ECT did by monitoring the change 

in impedance when the ECT probe swept a target. 

This study will analyze the step-unit response of the power 

exchange in the ECT system using the WPT model and 

compare the results with classical ECT. The target is a metal 

arc-welded joint of SS 316. According to ASTM's 

requirements for the ECT standard for the qualification of the 

specimen, we implanted a crack in the welded joint using an 

electric discharge machine (EDM). The crack is implanted 

transversely on the welded joint at a predetermined location 
on the specimen, i.e., in the middle. When assessing the crack, 

we study the probe's response and compare it to the classic 

ECT as dictated by the TEAM's benchmark for solving 

Problem No. 15 about a multiturn coil above a conductive 

plate in the halfspace [10] 

According to the TEAM’s benchmark, the experiment is 

performed by measuring the change in the probe’s impedance 

as the probe sweeps along a certain path of the testpiece. 

When the target is a welded joint, the probe will sweep along 

the welded joint and pass through the implanted crack. The 

probe sweep begins when the center of the probe is above the 

perimeter of the testpiece and ends when the center of the 
probe reaches the perimeter on the other side of the testpiece. 

Things to consider about ECT on welded joints are that the 

roughness of the welded joint caused by the welding bead 

generates very little noise to signal and can be neglected [12]. 

When modeled as WPT, ECT works by inducing coupling 

between the injection coil, the detection coil, and the target. 

The power transfer works by equalizing the resonance 

between those three [13]–[17]. The detection coil detects an 

eddy current that floats on the target’s surface, opposing the 

injected current’s direction [18]. By inducing a time-varying 

time signal through the injector, mutual induction between the 
members of the ECT is possible.  

There are several topologies in the WPT modeling to 

configure the LCR circuit. Series-series (SS) LCR topology is 

the most common used to perform the electrical network 

calculation [19]. In the S-S topology, reactance between 

members can be limited, minimize resistivity loss, and obtain 

proportional impedance [16], [20]–[22].  

Fig. 1 shows the illustration of the coils in ECT probe’s 

when applied to a target.  

Fig. 1  Illustration of eddy currents on a target 

To model the classic ECT according to the TEAM’s 

benchmark, the Dodds and Deeds model about the impedance 

in the coils above a conductive plate in half space with 

thickness � is applied to the model, as shown in Fig. 2 [23],

[24]. Figure 2 depicts a probe characterized by its coil 

thickness �, inner diameter �� , outer diameter �� , and a lift-off

distance of ℎ mm above the conductive target. The probe will

exhibit impedances denoted as ��	 and �
�.

Fig. 2  Dodd and Deeds model for calculating the probe’s impedance 
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where ��	 and �
� are the impedance of the probe in the air

and the impedance of the probe when it is applied to the 

conductive target. � is the eigen value of the eigen function, (
is the distance between truncated boundary and the symmetry 

axis, and ��, ��, and �.are the permeability of air, measured

target, and the relative permeability of measurement target.  
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By implementing constant amplitude alternating current 

(CAAC), as done by Luloff et al., the impedance of the probe 

can be considered as  [25]: 

 � � 0�1�
23415 (3) 

where � is the current, 6 is the voltage, 7 is the resistance, 8 

is the inductive reactance, and � is the angular frequency � �2�9.  

As shown in (3), the impedance acquired from (1) and (2) 

should only contain inductive reactance and no capacitive 

reactance since the presence of capacitive reactance leads to 

biased measurement. This is because of the nature of 

capacitance that stores energy, causing dissonance in the 

injected signal [10].  

To determine the system’s response, unit-step response 

analysis is instrumental to acquire information about how the 

system will respond to a unit-step input. The system is 

modeled in the frequency domain to perform the system 
response analysis. The unit step input is used to assess the 

system’s response, as represented in the unit step response 

diagram. In the unit-step response diagram, an analysis is 

made about the rise time, the time required for the response to 

reach its final value. The illustration of the rise time in the 

second-order unit step response diagram can be seen in Fig. 

3. 

 
Fig. 3  Rise time ��.� in the unit step’s response 

II.  MATERIALS AND METHODS 

ECT is performed by monitoring the change in impedance 

when the probe is near the discontinuity of the testpiece. The 

experiment changed the probe’s impedance relative to the 
probe's distance to the crack. The impedance diagram will be 

represented for the result. We compared the system's response 

experiment result, represented by the rise time, with the 

results from the classical ECT. The data were taken every 5 

mm probe displacement, and since the length of the testpiece 

is 100 mm, the total data is 20. The results are represented by 

the impedance diagrams and the probe’s position relative to 

the location of the crack in the target. This research compares 

the results of classical ECT and the system’s response 

analysis.  

To model the ECT system for the step input response 

analysis, we use Fig. 4, where each component of the ECT 
consists of an injector, detector, and target. Subscripts I, D, 

and T are used for the injector, detector, and target. LCR 

represents inductors, capacitors, and resistors. By 

implementing the S-S topology for the configuration, the 

point of interest for measurement in this model is the 7: . 

From Fig. 4, ;<= is the mutual induction between the 

detection of the injection coil and the target. 75 is the point of 

interest in acquiring the system’s response. The output of the 

system’s response will be calculated using the transfer 

function to obtain the system’s unit-step response. From the 

unit step response, we can acquire the rise time of the system's 

step response. 

 

 
Fig. 4  The equivalent circuit for ECT 

 

From Fig. 4, with circuit theory, by simply using the 

Kirchoff voltage law (KVL) and Kirchoff current law (KCL) 

for the equivalent circuit of ECT, we can get the following: 

 

⎩⎪
⎪⎨
⎪⎪
⎧6�	 � �7= " 
�8=��=  
�;<=�<  �

41�B �:0 �  
�;<=�� "
�
�;<= " 7< " 75 " �

41�D �<E  �
41�D �:

0 �  �
41�B �=  �

41�D �< "
F �

41�B " �
41�D " 
�8: " 7:E �:

 (4) 

The transfer function of the KVL equation is 
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The test piece is a SMAW-welded joint that couples two 

SS 316 metal plates with a size of 50x50 and a thickness of 

4 mm. The geometric parameters of the test piece after the 
welding process are listed in Table 1. The welded joint is a 

square buttweld, with geometric parameters illustrated in 

Fig. 5. 
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TABLE I 

THE TESTPIECE'S GEOMETRIC PARAMETERS 

Parameter Dimension (mm) 

y 96.66 
x 98.54 
z 1.20 
w 6 
h 1.15 

 

 

Fig. 5  The testpiece's geometric parameters 

 
In the fabrication process of the testpiece, the welding 

process is done in one pass, the welding current is 60 A, and 

a certified welder carried out the welding process. A 

composition test is also done on the testpiece, ensuring that 
the testpiece’s material is SS 316. A welding quality stage is 

carried out to ensure that the testpiece's surface is flawless. 

The testpiece's welded connection was inspected by a certified 

welding inspector. A certified radiographer performed a 

radiography test as part of the subsurface evaluation process. 

Immediate corrections were done if a flaw was found in the 

welded joint. AWS standards are followed in the correction of 

any existing weld flaws. The radiography test result is shown 

in Fig. 6.  

 

 
 

Fig. 6  The testpiece and its radiographic test results. 

 
The next step is to implant the notch to simulate the crack 

in the testpiece. An electric discharge machine (EDM) is used 

to implant the cracks. The crack location is exactly in the 

middle of the length of the welded joint. The crack is 

implanted perpendicular to the longitudinal direction of the 

welded joint. Considering that the thickness of the testpiece is 

1.2 mm, the implant’s depths are 0.5 mm and 1 mm.. The 

experimental setup in this experiment is shown in Fig. 7. 
 

 
Fig. 7  The experimental setup 

 
We fabricate a planar probe to perform the probing in the 

experiment. According to the design, Fig. 8 shows both the 
probe design and the fabricated probe. Like PCB etching, the 

copper geometry is etched on the Kapton sheet. The geometry 

was made using computer-aided drawing. The etched copper 

is the detection coil. A bar-shaped PCB was etched and then 

cut to perform the injection. A casing was made to cover the 

probe.. The casing is made of nylon that is turned to form a 

bobbin. Electric terminals in the coil and the injection bar 

allow for external connection. The injection bar is connected 

to the wave generator, and the detection coil is connected to 

an oscilloscope. Table 2 outlines the probe's parameters. 

 

 
 

 

Fig. 8  Design of the probe 

TABLE  II 

GEOMETRIC PARAMETERS OF THE PLANAR PROBE DESIGN 

 Parameter Dimension 

(mm) 

W Injection trace’s width  2 

L Injection trace’s length 25 

D The probe's external dimensions 25 

d The injection trace's distance to the 
detection coil 

15 

F1 The width of the winding of the 
detection coil 

1.5 

F2 Clearance of the detection coil 2 
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Before being used for probing, the probe is tested with a 

frequency scan, where the probe is injected with a stimulus 

frequency ranging from 100 Hz to 1 MHz. When a frequency 

test is performed, the probe has to be free from any conductive 

material that may interfere with it. To obtain such a condition, 

the probe was hung, and then the stimulus frequency was 

injected into the probe through the wave generator, and the 

detection coil would record the probe’s response through the 

oscilloscope. The data for the frequency scan is 20 data points 

plotted in stimulus frequency versus the inductance of the 
probe. To validate the probe's performance, an FEM 

simulation was also performed to map the magnetic flux 

distribution of the probe. 

Monitoring the change in the probe’s impedance was done 

when the probe swept the test piece along the welded joint by 

carefully dislocating the test piece in \ direction while the

probe was hanging still. The measurements were taken at the 

5 mm step of the probe displacement. The measurement is 

done when the center of the probe is above the location where 

the measurement is required. The sweep starts when the 
probe's center is above the target's perimeter and ends on the 

perimeter on the other side of the testpiece. The classic ECT 

data representations are the impedance diagram and the 

change in impedance versus the probe's position. Figure 9 

shows the experimental configuration used in this study to 

perform the ECT. 

The same probe-swept technique was also used to acquire 

the step input response of the ECT system. The probe also 

swept along the target, and the change in the LCR was 

monitored and then calculated to acquire the system’s 

response at the same measurement points as in the classical 

ECT experiment done in this study. The results of the classical 
ECT will then be compared with the step input response data 

results. 

Fig. 9  The experimental setup for ECT 

III. RESULT AND DISCUSSION

The results of the frequency scan experiment for the safe 

measurement are shown in Fig. 10. There are two results in 

Fig. 10. The first one is the response of the injection coil, 

marked by red dots. This result is typical in the one-coil 

system, where a single coil serves as a detector and an 

injection. The second line is the detection coil's response to 

the injection coil's injected stimulus frequency. The second 

line, marked by black dots, is used when the multi-coil or 

detection coil separates from the injection coil. So, we can say 

that both lines represent the detected signal. When the single 

coil is used as an injector, it detects the signal simultaneously. 

Another scenario involves the injector delivering the signal 

injection while another handles the detection, as in the multi-

coil system in the graph [26] [27]. 

Fig. 10  The result of frequency scan experiment 

The result shows that when we use the 2-coil mode, where 

the detection coil is applied, it will respond with a higher 
inductance than the single coil. This indicates that the two 

coils will result in high-sensitivity probing. The detection 

coils will be able to receive a wider variation of signal, as 

indicated by the considerable discrepancy between the single 

and dual coils. 

When the stimulus frequency reaches about 104 Hz, the 

probe's response to the same stimulus frequency results in 

different inductance. This indicates that the probe's response 

is changing from inductive to capacitive. Capacitive reactance 

must be avoided to acquire a safe measurement. The ideal 

probe can only respond inductively. Capacitive reactance will 

result in discontinued magnetic flux because of the nature of 
capacitance, which stores energy. From the experiment, a safe 

measurement can be acquired when the frequency stimulus is 

below 105 Hz. When the stimulus frequency is 100 Hz, or the 

lowest limit, the probe is unable to deliver the signal because 

the stimulus frequency is too low to generate proper 

inductance to the target or the nominal of the mutual 

inductance between the probe and the target is very small, and 

the probe cannot work properly [28]. 

Since the stimulus frequency for safe measurement has 

been obtained, the stimulus frequency that will be used for the 

ECT study must be determined. Udpa et al. dictate that a safe 
measurement can be done at least at one-tenth of the probe's 

resonant frequency [29]. When the probe operates at its 

resonant frequency, the injected signal will mask and decay 

the signal to be detected, interfering with the measurement. 

Based on the frequency test result, the 50 kHz stimulus signal 

will be used in the ECT to avoid the resonance frequency. The 

result of the FEM-based simulation is shown in Fig 10 to 

obtain the mapping of the magnetic flux distribution in the 

probe. The parameters used to model the simulation are an 

axisymmetric coaxial multi-coil with a homogenous multi-

turn and an injection frequency set to 50 kHz. The other 

parameters are listed in Table 3.  
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TABLE  III 

THE PARAMETERS USED TO MODEL THE SIMULATION BASED ON THE 

EXPERIMENT'S RESULTS 

Coil Parameters Nominal Unit 

Injection 
Inductance, L0 4.3 mH 
Resistance 1.7 Ω 
Capacitance 97 pF 

Detection 
Inductance, L0 15 µH 
Resistance 2 Ω 
Capacitance 25 pF 
Coil outer radius 25 mm 

The FEA simulation was also performed to confirm the 

probe's safe measurement. The goal of this simulation was to 

map the probe's magnetic flux. According to the result of the 

safe measurement experiment, the stimulus frequency used 

for the simulation is 50 kHz. The simulation begins with 
building the probe's geometry, defining the material 

properties, and determining the model, which is Ampere’s law 

for stationary magnetic in a time-varying signal. 

(a) (b) 

Fig. 11  The result of the FEM simulation to obtain the mapping of the 

magnetic flux (a) x-y view and (b) y-z view 

From the simulation shown in Fig 11, we can see that at the 

corresponding frequency, 50 kHz, the distribution of the 

magnetic flux in the injection coil or injection stripe is parallel 

without any discontinuation. The same parallel path found in 

the whole geometry of the detection coil indicates that the 

detection process will be successful when the target is injected 
in the 50 kHz stimulus frequency. 

Fig. 12  Lift-off diagram of the probe 

Fig. 12 above shows the result of the probe's lift-off 

experiment. From the lift-off diagram result, we can see that 

when the probe has a 0 mm lift-off, the ratio of the imaginary 

component of the impedance to the probe when it is in free air 

is 0.103, and the real component of the impedance to the probe 

when it is in free air is 0.0473. When the lift-off is increased, 

the reactance and the resistance also increase. Finally, a 

similar condition as when the probe is in free air is reached 

when the impedance is � � 0 " 
1 where the fundamental

component is zero, and the imaginary component is 1. This 

state means that the probe is no longer in contact with the 
conductive target [30]. This result is beneficial when the 

experiment uses various lift-offs. However, in this study, the 

lift-off experiment is used to acquire the probe's impedance 

when the probe assesses the target without cracking at the 

determined stimulus frequency, i.e., 50 kHz, and the lift-off is 

0 mm. From the experiment, the probe's impedance when free 

from the conductive target is at 3.66 mm lift-off.  

From the lift-off diagram, we can also see that the welded 

joint contributes to the change in conductivity of the non-

magnetic base plate SS 316. The welding process 

significantly changes the testpiece's conductivity, making it 
magnetic. As shown in Fig. 12, the plot moves up 

counterclockwise as the lift-off increases, indicating that the 

target is magnetic. The base metal, SS 316, which is non-

magnetic, becomes magnetic because of the welding process, 

which involves heat and material addition to the testpiece. 

(a) (b) 
Fig. 13  The impedance diagram of the ECT (a) 1 mm crack (b) 0.5 mm crack 

The impedance diagram for ECT is as shown in Fig. 13 
above. As mentioned in the lift-off diagram section, the non-

magnetic SS316 base metal welded joint is magnetic. The 

impedance diagram shows that when the probe moves 

towards the crack, the conductivity of the probe decreases, the 

reactance increases, and the resistance decreases. It indicates 

the decrease of the real part, or resistance, and the increase of 

the imaginary part, or inductive reactance. A sign of a crack 

in the vicinity of the probe. On the contrary, when the probe 

moves farther from the crack, the conductivity increases, the 

reactance decreases, and the resistance increases, causing the 

path to move clockwise. The 1 mm crack, which is larger than 

the previous one, emphasizes the effect almost significantly. 
On a 1 mm crack that leaves only 1.25 mm thick of the plate 

(the thickness of the target is 2.25 mm), when the probe is near 

the crack, the impedance is almost the same as when the probe 

is in the air. 
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(a) 

(b) 

(c) 

(d) 

Fig. 14  The impedance of the probe versus the position of the probe (a) 

imaginary part of 1 mm crack (b), imaginary part of 0.5 mm crack (c) real 

part of 1 mm crack, and (d) real part of 0.5 mm crack.  

To confirm the results of the impedance diagram, Fig. 14 

shows the impedance change relative to the probe's movement 

along the testpiece. These figures show that the reactance will 

increase, and the resistance will decrease as the probe is near 

the crack. 1 mm crack yields higher inductance and lower 

resistance than the 0.5 mm crack. In the 1 mm crack, 

increasing the inductance begins at 40 mm, while in the 0.5 

mm crack, the effect begins to occur at 45 mm. The bigger the 

crack, the earlier the changes in impedance will happen 

compared to the more minor crack. The change in the real 

part, or resistance, shows the same pattern as the changes in 

the imaginary part. Resistance in a 1 mm crack begins to alter 

at 40 mm and 0.5 mm at 45 mm.  
After passing the location of the crack, the real part and the 

imaginary part change back to their initial values. 1 mm crack 

changes after 60 mm and 70 mm for the imaginary and real 

parts of the impedance. In the 0.5 mm crack, the changes 

begin at 65 mm on both the real part and the imaginary part. 

It can be seen that the 0.5 mm crack yields fewer changes in 

the inductive reactance results compared to the 1 mm crack. 

This is because the 0.5 mm crack has a smaller air volume, 

causing a smaller resonance than the 1 mm crack, which 

contains more air. Resonance causing 1 mm crack has a higher 

amplitude than the 0.5 mm crack. So the larger the crack, the 
greater the amplitude [16]. 

(a) 

(b) 

Fig. 15  Plot of rise time (Tr) as the function of the system’s response to the 

imaginary part of the impedance and the position of the probe (a) 1 mm crack 

(b) 0.5 mm crack

Fig. 15. shows the relationship between inductive 

reactance, or the imaginary part of the impedance, the rise 

time, and the probe's position. Rise time (Tr) represents the 

result of the system’s response. It states the time required for 
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the response due to a step input to reach its final value, which 

is acquired from the system response analysis. From Fig. 15, 

we can see that the rise time decreases as the probe approaches 

the location of the crack. It means the time required to reach 

its final value is faster, indicating a quicker steady state. The 

response is less oscillatory as the steady state is reached faster. 

This has to do with conductivity. When no crack is present, 

conductivity is high, producing more eddy and countercurrent 

[31]. It takes more time for the response to reach its final value 

because it becomes more oscillatory. The presence of cracks, 
which means less conductivity, reduces the effect of 

conductivity, causing less oscillation and a faster rise time. 

As the inductive reactance increases, the rise time 

decreases, indicating that as the inductive reactance increases, 

the final value of the response is faster. The previous result 

can confirm this: when the crack is present, the inductive 

reactance, or the imaginary part of the impedance, will 

increase. The system’s response analysis indicates that the 

presence of the crack will decrease the rise time. 

If observed further, the rise time alters even though the 

probe position is still some distance from the crack location 
and does not return to its original position when the probe 

moves away from the crack location. From this result, we can 

conclude that by applying the system response analysis, the 

occurrence of magnetic power storage or magnetic 

reminiscence in the system can be detected [32]. The larger 

the crack size, the smaller this effect becomes due to the 

decrease in conductivity [33]. 

IV. CONCLUSION 

In this study, system response analysis is applied and 

compared to the classical ECT. It has been shown that the 

welding process changed the conductivity by involving a heat 

process and material addition to the testpiece. The fabricated 

probe had successfully assessed the presence of the cracks. 

The results of the system response analysis agreed with the 

classical ECT. From the system's response results, magnetic 

reminiscence occurs during the assessment, which is affected 

by the presence and size of the cracks. The magnetic 

reminiscence found in this study can be useful to investigate 

the presence of the crack and should be studied further. 
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