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Time dependent numerical simulation of MFL coil sensor
for metal damage detection
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Abstract. Recently, non-destructive health monitoring methods such as magnetic flux leakage (MFL) method, have become
popular due to their advantages over destructive methods. Currently, numerical study on this field has been limited to simplified
studies by only obtaining MFL instead of induced voltage inside coil sensor. In this study, it was proposed to perform a novel
numerical simulation of MFL’s coil sensor by considering vital parameters including specimen’s motion with constant velocity
and saturation status of specimen in time domain. A steel-rod specimen with two stepwise cross-sectional changes (i.e., 21% and
16%) was fabricated using low carbon steel. In order to evaluate the results of numerical simulation, an experimental test was
also conducted using a magnetic probe, with same size specimen and test parameters, exclusively. According to comparative
results of numerical simulation and experimental test, similar signal amplitude and signal pattern were observed. Thus, proposed
numerical simulation method can be used as a reliable source to check efficiency of sensor probe when different size specimens
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with different defects should be inspected.
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1. Introduction

In order to assess structural element’s integrity, regular
structural health monitoring must be performed, especially
in some particular cases such as suspension bridge
structures, cable-stayed bridge structures, oil and gas
industries and etc., regular inspection is mandatory and
essential (Feng et al. 2017, Igbal et al. 2017, Kim and Park
2018). For instance, in cable-stayed infrastructures, almost
entire load is carried by steel cables. Thus, any flaws such
as cross-sectional loss, corrosion and internal breakage in
cables may lead to catastrophic structural failure. Various
nondestructive testing methods have, therefore, become
popular on cable defect assessment due to their main
advantage, which is being nondestructive test. Moreover,
cable inspecting robots with mounted nondestructive testing
(NDT) sensors are developed and considered as one the
useful sensor setup for detecting damage in inaccessible
locations (Mehrabi and Farhangdoust 2018). Although there
are many available NDT methods such as visual inspection
method (Elliott and Heymsfield 2003), MFL method (Wu et
al. 2017a, Sun et al. 2018), guided waves method (Dai and
He 2014, Garg et al. 2016, Jain and Sharma 2016,
Wandowski et al. 2016), acoustic emission method
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(Caesarendra et al. 2016, Kuang et al. 2016, Munoz et al.
2016, Strantza et al. 2017, Banjara et al. 2019), eddy
current testing method (Rocha et al. 2015, Rifai et al. 2017,
Kim et al. 2018b), electromagnetic acoustic transducer
(EMAT) method (Gomez et al. 2017), etc., these methods
have their own drawbacks which may appear by changing
test parameters such as specimen’s geometry, conductivity,
magnetization level, lift off, etc. As a result, based on the
test condition, each single one of these aforementioned
methods should be used in specific situation. MFL method
is a robust method and capable of detecting surface and
subsurface defects accurately. However, to inspect
specimens with different sizes that consist of defects with
different sizes and directions, instead of doing trial and
error experimentally which leads to waste of time and costs,
numerical study can be a reliable way to approve
effectiveness of MFL sensor apparatus for any specific
condition.

Wu et al. (2017b) mentioned that in conventional MFL
testing setups, an inevitable gap which occurs by
implementing a non-ferromagnetic support between sensor
and specimen, reduces sensitivity of sensor. Here, the gap
indicates the distance between sensor to the specimen’s
surface. To eliminate the unwanted lift off, they proposed a
method for substituting a non-ferromagnetic support with
ferromagnetic one in sensor probe. Finally, this proposed
method was numerically evaluated using a simple two-
dimensional (2D) stationary finite element analysis (FEA).
To obtain effects of defect’s depth and width on MFL
signal, Kim et al. (2018b) fabricated a magnetic apparatus
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and conducted experimental tests based on MFL testing
method. According to the results, defect’s depth and width
can be identified correctly. Nevertheless, defect’s width can
be approximately categorized based on the damage
intensity. Fatigue cracks were characterized by Ahmad et al.
(2015) based on metal magnetic memory (MMM) method
combined with MFL method. In addition, the correlation
between crack growth rate and magnetic flux leakage was
obtained. In order to develop a tunnel magneto-resistive
(TMR) sensor, Wu ef al. (2015) performed a 2D stationary
numerical simulation using COMSOL Multiphysics 4.2
commercial software. In their simulation, four parameters
were considered; coil’s lift off, thickness of coil, height of
coil and distance between two coils. Based on their
numerical simulation, an apparatus was made and its
reliability was confirmed by obtained results. Li et al.
(2007) performed a three-dimensional (3D) stationary
numerical simulation in case of multidirectional cracks in
specimen and later on they compared numerical simulation
results with experimental results. Based on the numerical
results, they suggested that, multidirectional sensing setup
can be an accurate experimental setup in case of cracks with
no specific propagation direction. De Alcantara et al. (2015)
performed 3D stationary FEA and then compared the results
with the experimental one. According to 3D stationary FEA,
they obtained effective coil inductance, voltage, resistance
and phase angle with respect to different positions of sensor.
In their paper, main objective of the numerical simulation
was to understand the electromagnetic phenomena and
predict sensor’s behavior experimentally when it is used to
identify mass loss caused by corrosion in steel bars. Liu et
al. (2018) designed a new type of MFL sensor capable of
detecting surface and internal flaws using biased pulse
current as the source of magnetic field. They used
commercial numerical analysis software to perform
stationary simulation of unsaturated and near-saturated
magnetization state of a defective cable. Based on their
numerical and experimental results, both surface and
internal defects can be detected. However, to obtain MFL
numerically, they defined a reference line instead of
modeling coil sensor itself.

Main focus of previous numerical studies related to
damage detection with MFL method was to obtain MFL of
a defected specimen right above the defected area using
reference line, while coil sensor itself and current induction
were disregarded. Consequently, conventional numerical
simulation method only provides information about MFL.
On the other hand, potential difference caused by MFL is
obtained in magnetic sensor apparatus. Thus, comparing
conventional numerical analysis with experimental test
results might be imprecise.

To overcome this drawback, it was proposed to perform
a time dependent numerical simulation by considering
specimen’s dynamic motion (instead of stationary case),
saturation status based on magnetic hysteresis curve (BH
curve) in time domain and specific geometry for coil sensor
(instead of just a reference line). It can be argued that
stationary simulation can reduce analysis time significantly,
and therefore, time dependent simulation might be
unnecessary. However, it must be noted that if time

parameter is ignored, the electromotive force (i.e., induced
voltage) induced by variation of magnetic field in time
domain (governed by faraday’s law of induction), is simply
neglected and as a result, no voltage induction is occurred.
Hence, in this 2D axisymmetric time dependent study,
instead of obtaining MFL as the output signal, induced
voltage in coil sensor was directly obtained. To indicate the
impact of saturation status of sample on the output signal,
numerical simulation was conducted for both saturated and
unsaturated specimens. Finally, a comparison between
numerical and experimental test results was made to
confirm reliability and precision of numerical method.
Contents of this research were put in order as follows.
Theoretical background is explained in section 2. A detailed
explanation of numerical simulation is provided in section
3. In section 4, an experimental test is performed based on
an exclusive prototype MFL coil sensor setup in order to
evaluate the results of numerical study and lastly,
conclusions are given in the section 5.

2. Theoretical background of MFL inspection
method

2.1 Basic principle of MFL sensing for metal
damage detection

MFL is an NDT method which requires a uniformly
distributed magnetic field in order to magnetize specimen
completely up to saturation point. When a ferromagnetic
specimen is magnetized up to near saturation point,
magnetic flux will start leaking out of specimen into air as
soon as defect (breakage, cross-sectional loss, etc.) appears
in specimen (Xu et al. 2012). As a result, by mounting a
magneto-sensitive sensor into inspection setup, leaked out
flux can be detected and then can be transferred into a
storable data for further processing. Based on the
fundamentals of MFL testing method, small surface defects
such as crack and notch can be detected by hall-effect
sensor, while cross-section damages such as cross-section
loss due to corrosion, spalling, etc., (whether internally or
externally) can be identified by coil sensor. Figs. 1(a)-(b)
demonstrate MFL phenomenon for both intact and defected
specimens with a step-wise cross section reduction.

Unlike stationary numerical simulations which
commonly time dependency is not considered, here, it was
tried to accomplish numerical study with almost the same
conditions as actual experimental test that includes
parameters such as time (i.e., considering Faraday’s law of
induction and therefore, considering any changes in the
induced voltage caused by changes in magnetic flux
density), specimen’s motion and specimen’s saturation
status. Hence, all numerical models were simulated by
considering magnetization status of the specimen based on
its BH curve instead of defining a constant value of relative
permeability which provides no saturation limitation. For
instance, if only constant relative permeability is taken into
account rather than BH curve, by increasing magnitude of
magnetic flux density even beyond the saturation point of
specimen, induced magnetization value will be much larger
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Fig. 1 Magnetic flux leakage phenomenon schematically

than it supposed to be without any sign of saturation.

Thus, this study offers a novel FEA which not only takes
advantage of BH curve characteristic, also considers
magnetization and induced current in time domain while
specimen is moving.

2.2 Analytical formulation

Due to electromagnetic phenomenon, in case of MFL
system, Maxwell’s equations are applicable for performing
precise analysis for surrounding magnetic field. Generally,
governing Maxwell’s equation in case of MFL system in
time domain can be written as (Li et al. 2007, Jamia et al.
2018)

0B
VXE=——;

VxH=]J; =

V.B=0 (1

where, H, J, E and B represent magnetic field intensity,
current density, electric field intensity and magnetic flux
density, respectively. In this study magnetic field was
generated using couple of permanent magnets, hence except
for coil sensor and specimen, electric current term can be
disregarded from equation. Furthermore, it is possible to
define a magnetic scalar potential as well. Simplified
Maxwell’s equation in case of no electric current can be
found as below (Li et al. 2007)

B=uuH+B,; VXH=0; H=-VI, 2)
where, p, is absolute permeability of vacuum (p, =
47 x 1077 H/m), p, is relative permeability of materials,
B, is remanent magnetic flux density (where there is no
magnetic field, it is representative of magnetic flux density)
and V,, is magnetic scalar potential. In case of analyzing
coil sensor and specimen, current density cannot be
disregarded. Hence, following formulas can be used for coil
sensor and conductive specimen (Jamia et al. 2018).

VXH=], B =VXA4; E=-VV—-— 3)

at

Where, A is magnetic vector potential and V is electric
scalar potential. Based on electromagnetism theory (i.e.,
Faraday’s law of induction), for multi-turn coil, potential
difference and externally generated current density are
obtained based on following formulas (Shi et al. 2015)

o de(r)
V.= _NT’ Je

— Nlcoil

i @

where, V. is induced voltage inside coil sensor, N represents
number of wire loops in coil sensor, J, externally

generated current density, I.,; is total electric current,

0]
dt

section area of the coil. Thus, induced voltage in coil sensor

generated by MFL due to the presence of defect, can be
calculated using Eq. (4).

is the variation of magnetic flux and A. is cross

3. Time dependent numerical simulation of MFL
sensor for metal damage detection

3.1 FEA simulation platform

In order to achieve an accurate simulation that can be a
good representative of real case, almost all parameters must
be considered exactly or at least close to the exact measured
value obtained by experimental tests. In addition,
performing an accurate FEA requires a strong finite element
software capable of performing multiple parametric study at
once and more importantly, coupling multiple different
physics; for instance, in this study, it was required to
perform a numerical study while electromagnetic
parameters of magnetic sensor and specimen’s motion are
considered together and their effects on each other are
included as well. Therefore, for this particular study case,
COMSOL Multiphysics commercial software was chosen
as the FEA software because it allows variety of
adjustments and it is capable of performing multi-physics
analysis simultaneously.

Although applying parametric study on a 3D domain
will lead to better illustration of real case in terms of
different defect size and shape, still due to significantly
large number of meshes in comparison with 2D case, and
also for saving valuable computational time, 2D
axisymmetric study in time domain was chosen.

3.2 Target MFL device and specimen

To construct an accurate simulation model, material
properties of actual sensor and specimen must be chosen
correctly. According to the actual magnetic sensor device,
two low carbon steel belts were used as two ferromagnetic
yokes, which had been embedded symmetrically inside an
aluminum frame as shown in Fig. 2(1). In each yoke, there
were six neodymium permanent magnets that were
distributed symmetrically in each side of yokes with
magnetic flux density of each magnet equal to 1 Tesla. This
probe had a detecting coil sensor with 10 turns of copper
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wire which were printed on a circuit board. This sensing
coil was located in the middle of yoke. The sensing probe
was designed to detect defects (surface and subsurface
defects) in variety of ferromagnetic samples with different
sizes such as steel pipes and steel cables. A specimen used
in this study was an ordinary construction steel rod with
saturation point approximately equal to 1.4 to 1.5 Tesla. The
specimen had two cross sectional reductions, and each cross
section reduction was made with 40 cm gap from the next
one. First and second cross-section reductions were made
into the specimen uniformly by reducing diameter in each
section from initial value of 27 mm to 24 and 22 mm,

respectively. Thus, reduction percentages of first and second
cross-section were equal to 21% and 16%, respectively.

3.3 Simulation parameters

In order to assign proper materials for numerical
simulation model, low carbon steel 1006 and low carbon
steel 1002 were chosen as specimen and ferromagnetic
handles, respectively. Furthermore, associated BH curves of
low carbon steel 1002 and 1006 are plotted in Fig. 3.

In term of simulating specimen’s motion, for avoiding
any complexity, a constant velocity for specimen must be
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taken into account. To achieve this goal in case of numerical
study, motion of any specific sub-domain can be defined
accurately by using deformed geometry physic. Therefore,
specimen’s pace for numerical study was assumed to be
equal to 20 cm/s (same pace as experimental test).

It should be indicated that parameters such as permanent
magnets lift-off, coil sensor lift-off, magnitude of the
magnetic flux density, and the distance between permanent
magnets in each yoke can affect the output signal of sensing
coil. To perform a precise numerical analysis, these
effective factors were assumed to have constant values for
both numerical and experimental analyses.

In experimental test, magnetic field was not affected by
the surrounding air due to its relative permeability which is
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almost equal to 1 and magnetic field can pass through it
without any disturbance. Consequently, in FEA,
surrounding material was defined as air with relative
permeability of 1. By doing so, magnetic field is not
affected by surrounding air, but only affected by
ferromagnetic handle and specimen. The surrounding air
domains modeled in the FE model were shown in Fig. 4.

Numerical simulation must be accompanied with the
optimum mesh size and time intervals to eliminate any
chance of inaccurate results and excessive simulation time.
Thus, quadrilateral mesh element was chosen to mesh
geometry with maximum and minimum size equal to 4 mm
and 1 mm respectively. Fig. 5 illustrates meshed specimen
along with magnetic yoke. Finally, time dependent study
was applied with 10 milliseconds time interval.

3.4 Numerical simulations of saturated and
unsaturated specimen

As mentioned in Section 2.1, based on MFL’s
fundamental principle, specimen must be near saturation
point so that magnetic flux can leak out of the specimen and
can be detected by proper sensor (Xu et al. 2012). In this
section, the importance of saturation status of sample was
investigated numerically. Therefore, as it is shown in Fig.
6(a), a reference line was defined to acquire saturation
status of specimen in middle of the steel rod. It can be
observed that in Fig. 6(b), magnetization level inside
specimen exposed to weaker magnetic field (i.e., 0.28
Tesla), was not strong enough to saturate specimen
(magnetization is less than 0.8 Tesla), while magnetization
of the specimen exposed to stronger magnetic field (i.e., 1
Tesla) was almost equal to 1.8 Tesla, which is well beyond
the saturation point of low carbon steel 1006 (i.e., 1.4
Tesla); as a result, it can be noted that specimen was
saturated.

To compare between saturated and unsaturated cases
while specimen is subjected to a motion with constant
velocity equal to 20 cm/s, numerical time dependent
simulation was performed for two different magnitude of
magnetic flux density; 0.28 and 1 Tesla. Figs. 7(a)-(b)
demonstrate axial component of induced magnetic flux
density inside specimen. It is indicated that, the specimen
exposed to permanent magnets with magnetic flux density

Reference line (cm)

(b) Saturation status of specimen across the reference line

Fig. 6 Specimen’s saturation status
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Fig. 8 Coil sensor’s signal of numerical simulation

equal to 1 Tesla was completely saturated. On the other
hand, the specimen pushed through magnetic field which
was generated by 0.28 Tesla permanent magnets, was not
saturated and axial component of magnetic flux density was
well below saturation (i.e., based on Fig. 3, saturation point
of low carbon steel 1006 is around 1.5 T). Moreover, it can
be realized that if specimen is not saturated, by pushing
specimen with a constant velocity inside magnetic field, it
leads to change in magnitude of induced magnetization not
only in the location of flaw, also in vicinity of the flaw as
well. Initially, gradient of induced magnetization increased
and when cross section loss approached sensing coil,
gradient decreased. This increase and decrease behavior of
gradient happened again when defected section of specimen
passed from the other side of sensing coil. However, if
specimen is saturated, magnetic flux density experiences
negligible changes in flawless segments of specimen. Fig.
7(a) shows gradient of induced magnetization experienced a
sharp increase when cross section loss of specimen just
reached the sensing coil.

For unsaturated specimen, in each cross section loss,
gradient of induced magnetization changes two times while
for saturated specimen, in each cross section loss, gradient
change occurs only once with noticeable pulse-shape
behavior. This difference will have a significant effect on
the coil sensor output signal as it will be explained in next
section.

3.5 Numerical simulation of moving specimen for
defect detection

In this section of numerical simulation, coil sensor’s
output signal was obtained. According to output signals of
coil sensor shown in Figs. 8(a)-(b), both saturated and
unsaturated cases demonstrated different behaviors; output
signal in saturated case had only one peak corresponding to
each defect due to the fact that in a saturated specimen,
when the magnitude of magnetic field increases, the
magnetization will remain almost the same (Fig. 3).
Therefore, initially there is no induced voltage inside coil
sensor until specimen’s defect approaches the coil sensor,
from this point, magnitude of induced voltage inside coil
starts increasing considerably fast until it reaches to its
maximum value as soon as defect reaches coil sensor. When
cross-section reduction segment has just passed the coil
sensor, magnitude of output voltage starts decreasing
remarkably until it reaches to minimum value again. In case
of induced voltage in coil sensor for unsaturated specimen,
instead of a sharp one-peak behavior, two peaks and a local
trough can be observed. The main reason of this particular
behavior can be explained using Fig. 7, which is having two
curvy steps rather than two sharp pulse-shape peaks in
magnetization plot. Based on the obtained results,
unsaturated sample have a negligible flux leakage, while for
saturated sample significant flux leakage can be observed
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4. Experimental validation

In this section, it was tried to explain about experimental
test setup and after that a comparison was made between
numerical simulation results and experimental output results
to validate accuracy and reliability of the numerical method.
Fig. 9 shows the experimental test setup that was
constructed based on numerical model along with a steel
specimen with same measurement and defect size as
numerical model. To conduct an inspection, specimen was
manually pushed inside the inspection apparatus, and
consistency of inspection pace was checked and confirmed.
Moving speed of the sample was the same as the one in the
numerical simulation. The sensor probe includes a 10 loops
of copper wire printed on circuit board, 12 permanent
magnets each capable of generating 1 Tesla flux density, an
aluminum frame, a pair of low carbon steel yokes and a data
acquisition (DAQ) unit. The DAQ unit used in this study
was an NI cDAQ-9181 Ethernet compact data acquisition
chassis with a NI 9205 analog input module and sampling
rate was set as 500 Hz. To adjust the linear trend of the
signal manually, a terminal circuit board was placed
between the coil sensor and the DAQ unit. It should be
noted that, to validate numerical simulation, experimental
test was repeated three time with same parameters as
numerical simulation such as specimen’s pace and sensor’s
parameters (e.g., coil sensor’s lift off, magnet’s strength,
etc.). Also, saturation status of specimen was measured by a
magnetometer and it was confirmed that magnetization
level has reached to saturation. In order to observe changes
in the coil sensor’s signal clearly, output data was integrated
by circuit board automatically. Benefit of having an
integration circuit board is all defects have their own
specific signature in output signal no matter what size and
shape they have, also it makes detection relatively easy due
to the fact that instead of having a sharp pulse in output
signal (just like the saturated results in simulation), an
integrated form of data is appeared in output plot. More
importantly, amplitude of the integrated output signal is not
dependent on the velocity of sample. Thus, according to
Fig. 10, as soon as flaw approaches to the coil sensor,

Coil sensor output (Experi test results)
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Fig. 10 Coil sensor’s signal obtained from experimental
apparatus
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Fig. 11 Integrated signal of Coil sensor obtained from

numerical simulation

output signal starts increasing and reaches to maximum
value when defect is traversing inside coil sensor.

Figs. 10 and 11 illustrate coil’s output signal using
experimental test setup and numerical simulation,
respectively. According to integrated output signal obtained
by numerical simulation and experimental test in case of
saturated specimen, same signal with stepwise pattern can
be observed. Fig. 11 shows that the first cross-sectional
reduction flaw was detected by change in signal amplitude
slightly larger than the second cross-section reduction flaw
(due to the fact that first cross-sectional creates larger area
loss).

Although the pattern of integrated signals of numerical
simulation and experimental inspection were the same, yet
amplitude changes in the signals related to stepwise cross
section reduction were not equal. Experimental result
showed larger signal amplitude change in case of second
flaw while in numerical simulation it was the opposite. It
can be argued that, the first defect must induce more
voltage change with respect to the second defect, because
first flaw creates larger area loss and accordingly higher
flux leakage. This behavior which happened in
experimental test, can be occurred by partially magnetized
specimen or impurity of material used in specimen. If a
sample contains impurity, magnetization level in the area
with impurity is decreased, and therefore, flux leakage will
be decreased as well. Partially magnetized sample is
referred to a sample when magnetization is not uniform
across the region of interest. Generally, when a steel sample
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is exposed to a considerably strong magnetic field, it can be
permanently magnetized. This exposure can be either
unwanted contact between sample and magnet or repeating
experimental test in one direction for several times. If a
permanently magnetized sample is exposed to a weaker
magnetic field (or same magnetic field but with larger lift-
off from magnets), specimen will not be magnetized
uniformly, and partial magnetization will occur. This
partially magnetization causes the difference between the
output signal of numerical simulation and experimental
tests.

5. Conclusions

In this study, it was tried to achieve highly accurate
numerical simulation in damage detection using coil sensor
based on MFL testing principle. By having a numerical
method capable of representing experimental test, not only
an optimum device for any particular test can be obtained,
but also unexpected results which may cause by limitation
of MFL method (e.g., partially magnetized specimen) can
be interpreted. To do that, a novel FEA was proposed which
unlike previous researches, saturation status of specimen
and dynamic motion of specimen were taken into account,
also coil sensor’s geometry was modeled in simulation as
well. Consequently, a realistic time dependent simulation
was performed and corresponding output signal was
acquired. According to numerical results, when specimen
was not saturated, two local peaks behavior happened,
while in case of saturated specimen, one peak behavior
happened (when only one cross-sectional defect is
inspected). To validate the proposed numerical method,
experimental tests were also conducted in this study. For
making a comparative study between numerical and
experimental study, an additional signal processing by
integrating output signal of numerical simulation was
performed. According to both integrated numerical and
experimental results in case of saturated specimen, an
acceptable accuracy was observed and performance of
numerical simulation in case of time dependent simulation
with considering all vital parameters such as saturation
status and equation of motion was confirmed. As it was
mentioned in the context, partially magnetization and
impurity of specimen can have considerable effects on coil
sensor’s signal. Also having an optimized magnetic probe
for conducting experimental test is essential. Thus, these
effects must be investigated in future works.
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