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Abstract: Carbon steel pipe is used in various industries, including nuclear power plants. Due to
the daily cyclic operation of the pipe over time, environmental influences, and extreme working
conditions, the probability of developing small fine cracks in the welded areas of the pipes increases.
For that reason, it requires earlier assessment, and providing adequate inspection and evaluation
of the weld area of the pipes used in such an installation is crucial to increase the safety level.
In this paper, two different probe configurations were used to assess the integrity of the girth
weld of the SA106 carbon steel pipe welded by gas tungsten arc welding. The conventional eddy
current probe was initially used, but as it had some limitations, a new probe configuration was
proposed to overcome these constraints. Numerical simulations using the finite element method were
performed, based on the real measurement of the physical properties of the specimen, to complement
the experimental data. In addition, the experimental results were successfully reproduced by the
simulations. Simulation and experimental results show that the proposed probe configuration allows
adequate inspection.

Keywords: carbon steel pipe; finite element method; short fine cracks; weld area; eddy current
testing; change in the physical properties

1. Introduction

Carbon steels are common in a wide variety of applications owing to their low cost
and excellent mechanical properties. These range from marine applications, buildings
and bridges, domestic appliances, the automotive industry, the oil and gas industry, and
especially to power plants, among them nuclear power plants, which have many piping
systems carrying fluids and gases [1–5].

Welding and joining processes such as arc welding, laser welding, and friction stir
welding are used to assemble and join the main parts of such structures [6–8]. Welding has
the advantage of having relatively few restrictions on the thickness and shape of the target
material, reducing the weight of the equipment, and solving the problems of size limits, as
parts produced in small sizes can be combined with the welding process to become larger
parts [9–11].

However, despite the fact that welding is considered one of the most important
manufacturing processes, during this process the weld area undergoes compression and
expansion caused by rapid temperature changes and mechanical stresses, residual stresses
that lead to a reduction in structural integrity and which affect the mechanics of the joint.
Among the most important types of failures, which occur frequently, are fatigue and stress
corrosion cracking (SCC), which may lead to cracking in service, with consequences such as
leakage and even structural failure. In particular, the possibility of such failures is greatly

Appl. Sci. 2022, 12, 93. https://doi.org/10.3390/app12010093 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12010093
https://doi.org/10.3390/app12010093
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-9470-2000
https://doi.org/10.3390/app12010093
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12010093?type=check_update&version=2


Appl. Sci. 2022, 12, 93 2 of 15

increased during long-term operation in high-temperature, high-pressure, and corrosive
environments [12–17].

Therefore, to secure the safety of the installations (plants), the integrity of the pipes and
weld joints should be assured. To achieve this, non-destructive testing (NDT) is performed
on the welds to be inspected during the planned preventive maintenance period to confirm
the integrity evaluation of pipe weld inspections according to the ASME code requirements.
During this period, the correct welding parameters/procedures should be selected to
prevent the formation of defects of various types [18–21].

Numerous non-destructive testing (NDT) methods, namely eddy current testing (ECT),
radiography testing, ultrasonic testing, magnetic particle testing, penetrant testing, and so
on, can be applied as industrial methods to investigate the integrity of welds in assembled
pipes [22–25]. The ECT technique has many advantages such as high detection sensitivity,
no coupling agent, no contact between the test specimen and the sensor, and the ability to
detect parts in-line. In addition, the technique is appropriate for a variety of conductive
materials, either ferromagnetic or non-ferromagnetic [26–28]. Certain factors affect the
response of an eddy current probe, namely the frequency, magnetic permeability, and
conductivity of the specimen. The electrical conductivity and magnetic permeability of the
specimen depend on the microstructure of the specimen. They are related to the skin depth,
given by the expression (1) [29,30]:

δs =

√
2

ωσµ
(1)

where ω, σ, and µ are the angular frequency, the conductivity, and the permeability, re-
spectively. In addition, the ECT is strongly affected by the lift-off, which can be defined
as the separating distance between the surface of the excitation coil and the surface of the
conducting material.

A number of research studies have been performed to enhance defect characterization
with regard to the reduction of the lift-off effect, new design and optimization of probes,
and feature extraction [31,32]. Our focus is on research studies on crack detection in carbon
steel specimens using the finite element method (FEM). Xu et al. [33] proposed a new
rotating field EC probe for defect detection on carbon steel using finite element analysis
and found that the excitation strategy gives the designed probe advantages for arbitrary
orientation defect detection. In a similar way, Huang et al. [34] designed a new type of eddy
current probe to detect defects on the weld of carbon steel using finite element simulation
to suppress the effect of the weld surface on the lift-off effect during the detection process,
and to maintain a high sensitivity when detecting the weld. Zhang et al. [35] investigated
the behavior of the eddy current testing signal to ferromagnetic carbon steel and non-
ferromagnetic stainless steel by using the finite element method, and the results reveal
that the magnetic field detected for a ferromagnetic material is the superposition of the
magnetic field induced by the eddy current and the magnetic flux leakage.

In this paper, the position and size of the studied cracks are assumed to be the most
important. They are considered to be short thin external cracks and are more dangerous
than internal cracks from a practical point of view [36].

However, despite the importance of the quality control of the integrity of the sample,
especially the joints, there are no considerations of the real physical characteristics in the
works cited above. Residual stresses and heat treatment during the welding process are the
main factors causing a change in the same batch specimen, resulting in the microstructural
differences which determine the mechanical and physical properties. For the accurate
evaluation of the girth weld in assembled carbon steel pipes, the simulation investigations
were carried out by measuring the real physical parameters (electrical conductivity and the
relative permeability) of the specimen in the target areas: raw, heat affected zone (HAZ),
and weld area. The conventional vertical probe is used; then, as an alternative to this
probe, as the signal is noisy, a horizontal probe is proposed for a better examination. In
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addition, the simulation of the cracks in the circumference weld by finite element anal-
ysis (FEA) is performed, based on the experimental considerations, to take into account
the effect of temperature on the physical properties in the numerical model used. The
findings of the research were examined by comparing them with the experimental mea-
surements. In addition, they highlight that the suggested probe configuration allows for
better examination.

2. Materials and Methods

Experimental work was performed to verify the simulation findings, and the configu-
ration of the experiment is illustrated in Figure 1. The same experiment was carried out
with two coil configurations (positions), the first using a vertical probe and the second a
horizontal probe. In the first case, ECT equipment was utilized. It is an Olympias Nortek
500 eddy current fault detector, which monitors the power supply and frequency. The signal
obtained from this system is passed to a laptop through an analog-to-digital converter.
Moreover, in the second experiment, a power supply was used to generate the input power
and frequency. The SA106 pipe was placed on a rotating stage platform and the ECT probe
and coil were fixed parallel to the pipe to scan the different regions of the pipe, from x = 0
to x = 40 mm with a constant scanning step of 1 mm. The position of the probe can be
adjusted to minimize the lift-off difference that may be caused by the banding surface of the
pipe and provide the same test conditions for each scan. The heat-affected zone length is
deemed to be 12.7 mm (1/2 inch), in conformity with the KEPIC MI technical standard [18].
The experimental investigations were conducted by an ASNT Level II qualified examiner
by complying to the ISO 7912 instructions [37].

Figure 1. Experimental setup. (a) Bloc diagram of ECT equipment and (b) inspection setup.

Prefabricated cracks were made by the electrical discharge machining (EDM) process
and introduced into the weld area. Their length and width are 5 mm and 0.2 mm with
different depths (0.3 mm, 0.5 mm, and 1.0 mm), designated as (C0.3, C0.5, and C1.0),
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respectively, as shown in Figure 2. The inner diameter, outer diameter, and height of the
conventional vertical probe are 3 mm, 4 mm, and 7.5 mm. The sensor probe shown in
Figure 3 has a LIGiS placed under an air core exciting coil [38], as illustrated in Figure 4.
The exciting coil is made of 0.2 mm diameter copper wire. The LIGiS has 32 GMR sensor
elements arrayed at 0.6 mm intervals to form a sensing length of 19.2 mm. The GMR
sensors are oriented at 45◦ to the array length to prevent their saturation by the magnetic
field of the exciting coil. The sizes of the horizontal probe are listed in the same figure.

Figure 2. Specimen with artificial narrow cracks.

Figure 3. (a) Sensor array and (b) exciting coil (unit: mm).

Figure 4. Scan configuration.
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According to the Faraday–Lenz law, the electromagnetic force Vem f is defined by the
following equation:

Vem f = −N
d∅
dt

= −N
∫
s

∂
→
B

dt

→
ds (2)

where N, ∂
→
B

dt , and s are the numbers of turns of the coil, frequency of excitation, and area of
the coil probe, respectively. To achieve a good S/N ratio, a large, high frequency probe with
many turns is required. A high excitation frequency is limited in ferromagnetic materials
such as carbon steel due to the skin depth given in Equation (1). In addition, the large probe
is limited by the spatial resolution of the sensor array. Furthermore, the electromagnetic
interference of each sensor and the coverage performance are affected in the vertical probe
array. To reduce the electromagnetic interference and improve the coverage performance, a
single large excitation coil is used. As well, to improve the spatial resolution, the density of
the induced magnetic flux density around the crack is detected using semiconductor based
on GMR sensors. Finally, the longitudinal direction of the induced current on the specimen
must be parallel to the weld wave (marks) in order to reduce noise due to weld marks and
weld beads. The excitation coil has a shape of shallow perpendicular, the direction of the
air core is parallel to the weld line, the vertical direction of the GMR sensor array is parallel
to the weld line, i.e., parallel to the coil length direction, the GMR sensor arrays are located
beside the coil and the sample, each GMR sensor is gradient with the array line, and the
scan direction follows the weld line. The geometrical and physical characteristics of the
test specimen are listed in Table 1. In the heat-affected zone, the electrical conductivity
is gradiently decreasing from the weld to the base material σ1 = 28 ∼ 18 µΩ/cm and
the relative permeability is gradiently increasing also from the weld to the base material
µ1 = 201 ∼ 260.

Table 1. Geometric and physical parameters of the test pipe.

Geometric Parameters Physical Parameters

Inner diameter 311 mm Specimen conductivity 18 µΩ/cm
Outer diameter 320 mm Weld conductivity 28 µΩ/cm

Thickness 9 mm Specimen permeability 260
Weld width 12 mm Weld permeability 201

For the measurement of the electrical conductivity and the relative permeability of
the welded carbon steel pipe, a micro-ohmmeter and a DC B-H loop tracer were used, as
illustrated in Figure 5. The measurement condition was 23 ◦C (room temperature) and the
measurement was performed by the 4-point method.

Figure 5. Conductivity and permeability measuring equipment: (a) Conductivity meter; (b) DC B-H
loop tracer.
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3. Governing Equations
3.1. Magnetic Field FEM Formulation

The electromagnetic field model is obtained with the consideration of assumptions
that the conduction current is assumed to be dominant and therefore the displacement
current is neglected. It is based on Maxwell’s equations and on the concept of magnetic
vector potential (MVP) in a quasi-stationary state, defined as follows [39–41]:

→
∇×

(
1
µ

(→
∇×

→
A
))

+ jωσ
→
A =

→
J S (3)

→
A—the magnetic vector potential,

→
J S—the source current density, µ—the magnetic

permeability, σ—the electrical conductivity, and ω—the angular frequency.
In the heat-affected zone, the relative permeability and the electrical conductivity are

noted with indices (1) and given as µ1 =
[
µa . . . . . . . . . .µTHAZ

]
and σ1 =

[
σa . . . . . . . . . .σTHAZ

]
.

THAZ denotes the total number of triangular elements obtained from the finite element
meshing in the heat-affected zone. After the mesh creation step, the electrical conductivity
and the relative permeability are distributed in accordance with the number of elements
contained in the heat-affected zone area, exploiting the generation of pseudo-random
numbers to reproduce the distribution of these physical properties on the basis of the
experimental measurement. Then, the obtained algorithms are combined with the finite
element code [25].

Applying the vectors weighting functions αi, the weighted Galerkin residual equation
is obtained from Equation (1), as set out below:

x

Ω

αi

(→
∇×

(
1
µ

(→
∇×

→
A
))

+ jωσ
→
A
)

dΩ =
x

Ω

αi
→
J S dΩ (4)

After applying discretization and assembly, the following algebraic system is derived:

([K] + jω[M])[A] = [F] (5)

Kij =
x

Ω

1
µ

→
∇αi

→
∇αj dΩ (6)

Mij =
x

Ω

σ αi αj dΩ (7)

Fi =
x

Ω

αi
→
J S dΩ (8)

where: [K], [M], [A], and [F] are the stiffness matrix, dynamic matrix, unknowns vector,
and source vector, respectively.

3.2. Impedance Computation

Eddy current testing is one of the techniques for inspecting the subsurface and sur-
face layers of metals, which is important for various industrial applications. During the
electromagnetic interaction between the probe and the metal specimen, the properties of
the specimen and the presence of material deposits, corrosion, and cracks influence the
probe’s information, resulting in changes in the impedance of the probe. In this context,
the impedance is expressed as a function of the magnetic vector potential (MVP), given
as [25,42]:

Re(Z) = − N2

J S2 ω
x

S

2πr Im(A) ds (9)
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Im(Z) = − N2

J S2 ω
x

S

2πr Re(A) ds (10)

where: N, S, and r are the coils number, surface of inductor coil, and inductor radius.

4. Results and Discussion

The specific objective of this work is to evaluate and improve the ability to detect
narrow cracks in carbon steel weld joints with the eddy current testing technique. So, it
is critical to investigate, identify, and control the formation and growth of such cracks
to reduce the threat of unexpected failure. For this purpose, very accurate solutions and
measurement data are required. It is obvious that numerical analysis plays a crucial role in
the solution of the ECT probe. This is why the finite element method is used.

The radius of the tube of the carbon steel specimen under investigation is considerably
bigger than the size of the probes and the surface area is relatively larger than the probes,
so the wall of the tube can be considered as a plate, and the problem is simplified and can
be modeled as two-dimensional geometry [25,43,44]. On the other hand, the configuration
shown in Figure 6a (3D configuration) is streamlined, as shown in Figure 6c (2D config-
uration), which is representative of the specimen, the single coil, and the narrow crack.
The corresponding schematic structure of the device is depicted in Figure 7, in which the
various parts of the device are listed directly.

Figure 6. Same section views with (a) 3D configuration, (b) 3D configuration with long defect, and
(c) amended 3D configuration to a 2D configuration.

Figure 7. Solving domain and boundary conditions.

In Figure 8a, the entire geometry is then covered by a finite element mesh, consisting of
triangular elements obtained by a mesh generator based on the MATLAB Partial Differential
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Equation Toolbox. This toolbox enables the generation of a mesh using the Delaunay
triangulation algorithm. The selection of an appropriate mesh density for the reliability
analysis is important, especially around the crack region, to achieve reliable results. Due
to the symmetrical distribution of these properties, the distribution represented covers a
path of 20 mm from the center length of the inspected part to the last inspected point, as
illustrated in Figure 9.

Figure 8. (a) Finite element mesh; (b) Excitation probe configurations.

Figure 9. Physical properties distributions: (a) Electrical conductivity distribution; (b) Relative
permeability distribution.

Considering the need for detecting the deeper crack to achieve larger skin depth and
to control the surface of inspected pipe, a compromise is made by considering the operating
frequency, detection, and optimum frequency, with a lift-off of 0.1 mm. The distance and
scan pitch simulated were identical to the experimental parameters. A fixed scan distance
of 40 mm was chosen so that the cracks are located at the half-center of the weld zone along
the scan trajectory.

The impedance signal amplitudes obtained for all the used frequencies are normal-
ized and plotted versus the probe displacement. For each crack depth, the correspond-
ing impedance signal amplitude is normalized by the impedance signal amplitude of
the 1 mm crack depth. The normalized impedance was computed by Delta Z(%) =
(Z− Z0)/(Z− Z1.0)max, where Z0, Z, and Z1.0 are the impedances of the raw material with-
out crack, the impedance from the HAZ and the weld with the crack, and the impedance
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from the weld of the 1 mm crack depth, respectively. To give an overview of the influence
of noise and to facilitate the interpretation of the results presented below, the quantity
(Z− Z0) is given here. The value of the noise is almost the same for both configurations
0.01 ∼ 0.03. However, the quantity (Z− Z0) is different from each configuration. For
instance, with 40 kHz, using the vertical configuration, this quantity is equal to 0.06, 0.075,
and 0.11 Ω according to the cracks (C0.3, C0.5, and C1.0), respectively, while this same quan-
tity is more important in terms of value with the horizontal configuration, as it corresponds
to 0.1, 0.16, and 0.21 Ω, always respecting the designation of the cracks.

The comparison between the simulation and the experimental data is undertaken
for the three depths (0.3 mm, 0.5 mm, and 1 mm), and the outcomes of the crack depth
relationships, indicating that deeper cracks have larger delta Z values, are presented in
Figures 10–16.

Figure 10. Impedance variation in (%) at 10 kHz with (a) depth = 0.3 mm, (b) depth = 0.5 mm, and
(c) depth = 1 mm.

Figure 11. Impedance variation in (%) at 20 kHz with (a) depth = 0.3 mm, (b) depth = 0.5 mm, and
(c) depth = 1 mm.



Appl. Sci. 2022, 12, 93 10 of 15

Figure 12. Impedance variation in (%) at 40 kHz with (a) depth = 0.3 mm, (b) depth = 0.5 mm, and
(c) depth = 1 mm.

Figure 13. Impedance variation in (%) at 10 kHz with (a) depth = 0.3 mm, (b) depth = 0.5 mm, and
(c) depth = 1 mm.

Figure 14. Impedance variation in (%) at 20 kHz with (a) depth = 0.3 mm, (b) depth = 0.5 mm, and
(c) depth = 1 mm.
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Figure 15. Impedance variation in (%) at 40 kHz with (a) depth = 0.3 mm, (b) depth = 0.5 mm, and
(c) depth = 1 mm.

Figure 16. Impedance variation in (%) at 80 kHz with (a) depth = 0.3 mm, (b) depth = 0.5 mm, and
(c) depth = 1 mm.

As shown in Figures 10–12, the output signals from the ECT measurement experiments
are noised. However, the narrow cracks being visible and the noise appearing in the signal
would not be considered sufficiently continuous to be called cracks. In Figure 12a, there are
noise signals that would be confused with cracks. So, it is not easy to judge the existence or
absence of narrow cracks from the signal’s behavior. This is probably due to the uneven
and banding shape surface of the carbon steel, the variation of the lift-off of a probe, and
the presence of structures on the pipe surface. In the simulation, it is probably due to the
change in physical properties. From the same Figures 10–12, the signal is small and because
of that the noise appears to be high.

To overcome this limitation and the lack of precision of the conventional probe given
in Figure 8b, detecting and finding defects in weld joints while reducing the signal noise
usually involves obtaining information through proper inspection, for which greater accu-
racy is required. To achieve this, a horizontal probe design (with an exciting coil used as an
emitter and a GMR as receiver, both for simulation and experiment) may potentially lead
to better detection and avoid such noises as proposed.

In order to fully assess the behavior of the probe’s output signals as it scans the pipe’s
different zones, and to propose a suitable configuration of the probe, the use of the finite
element analysis offers significant advantages in addressing this issue. The frequency is a
critical factor in eddy current testing. It relates to the skin depth and the amplitude of the
probe signal. This parameter must be selected appropriately by the experimenter.
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The experimental distribution of the SA106 specimen properties is reproduced by
means of the Monte Carlo method based on PRNG in order to conceive a numerical model
that reflects the real model of the studied problem, which is important to evaluate the
impact of the heat treatment on these properties in the presence of cracks as it allows a
proper evaluation and comparison of the response derived with the experimental ones.

The distribution of electrical conductivity and magnetic permeability are almost
symmetrical with respect to the symmetry position of the device (x = 20). The carbon steel
was massive, and the impedance was calculated from the magnetic vector potential, and it
also remains symmetric regarding the symmetry position of the device. The behavior of
the impedance signal increases gradually to attain a maximum amplitude and afterwards
decreases until the last displacement of the probe. Fluctuations at the peak of the Delta
impedance amplitude appear, indicating a change in the physical milieu, i.e., a change in
physical properties (the crack and weld). This is explainable, as it indicates the existence of
narrow cracks in the weld area.

In Figures 10–12, which correspond to the vertical probe configuration, the ECT signals
are significantly affected by the relative permeability and electrical conductivity changing
gradiently randomly in the HAZ due to the heat treatment. This change then impacts the
coupling of the probe to the carbon steel specimen, leading to the occurrence of noises;
therefore, the results are not easy to work with.

The results presented in Figures 13–16 clearly show the superiority of the horizontal
probe over the vertical probe configuration regarding the apparition of the noises. These
noises generated can lead to the misinterpretation of the signals as flaws. The horizontal
probe configuration was very efficient with regard to the detection performance of these
types of cracks, as it does not generate such noises. Moreover, these results show that the
correspondence between the simulation and the experimental results is quite acceptable,
while considering various types of influencing factors, including the non-uniform physical
properties of the sample, the assumptions made in the 2D simulation while the experiment
is in 3D, the probe calibration and the measurement errors caused by the analogue electronic
devices involved in the experiment, the variation of the lift-off distance leading in weaker
coupling between the probe’s electromagnetic field and the specimen, and the machining of
cracks. A finite element modeling simulation was used to measure the accuracy detection
of the horizontal probe. The comparison of the experimental and simulation data proved
the accuracy of the proposed probe.

5. Conclusions

A conventional eddy current probe has been used for the evaluation of narrow cracks
in a metal specimen. However, the obtained outcome with this probe reveals that the data
are noised and can cause confusion between the cracks and the noises, and thus lead to
the misinterpretation of the signal in the weld of the carbon steel pipe. For this purpose,
new probe configuration was proposed, and from the results, it has a good reliability for
detecting the narrow cracks and offers a suitable NDT method. The implemented model
is validated by a comparison showing a satisfactory agreement with the experimental
results obtained.

The results have shown that the main factor causing differences in the eddy current
output signal is the change in physical properties.

The horizontal probe can be realized on the basis of the following concepts:

• The excitation coil has a shape of shallow perpendicular.
• The direction of the air core is parallel to the weld line.
• The vertical direction of the GMR sensor array is parallel to the weld line, i.e., parallel

to the coil length direction.
• The GMR sensor arrays are located beside the coil and the sample.
• Each GMR sensor is gradient with the array line.
• The scan direction follows the weld line.

Cracks are identifiable with both probe configurations:
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• The conventional probe configuration enables the identification of cracks, although
the data are noisy. The signal is small, so the noise appears large.

• The proposed horizontal probe configuration offers good convergence performance
and spatial resolution. The signal is large, so the data appears clearly.
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Abbreviations

SCC Stress corrosion cracking
NDT Non-destructive testing
ECT Eddy current testing
FEM Finite element method
HAZ Heat-affected zone
FEA Finite element analysis
EDM Electrical discharge machining
MVP Magnetic vector potential
ASNT American Society for Non-Destructive Testing
PRNG Pseudo-random number generation
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