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Abstract: The magnetostrictive guided wave technology as a non-contact measurement can generate
and receive guided waves with a large lift-off distance up to tens of millimeters. However, the lift-off
distance of the receiving coil would affect the coupling efficiency from the elastic energy to the
electromagnetic energy. In the existing magnetomechanical models, the change of the magnetic field
in the air gap was ignored since the permeability of the rod is much greater than that of air. The lift-off
distance of the receiving coil will not affect the receiving signals based on these models. However,
the experimental phenomenon is in contradiction with these models. To solve the contradiction,
the lift-off effect of receiving the longitudinal mode guided waves in pipes is investigated based on
the Villari effect. A finite element model of receiving longitudinal guided waves in pipes is obtained
based on the Villari effect, which takes into account the magnetic field in the pipe wall and the air
zone at the same time. The relation between the amplitude of the induced signals and the radius
(lift-off distance) of the receiving coil is obtained, which is verified by experiment. The coupling
efficiency of the receiver is a monotonic decline with the lift-off distance increasing. The decay rate
of the low frequency wave is slower than the high frequency wave. Additionally, the results show
that the rate of change of the magnetic flux in the air zone and in the pipe wall is the same order of
magnitude, but opposite. However, the experimental results show that the error of the model in the
large lift-off distance is obvious due to the diffusion of the magnetic field in the air, especially for the
high frequency guided waves.
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1. Introduction

The guided wave technology based on the magnetostrictive effect is widely applied to test
pipes, cables, and so on [1–10]. In contrast with the piezoelectric guided wave technology,
the magnetostrictive technology can generate and receive guided waves with a large lift-off distance up
to tens of millimeters. The axially symmetric modes, such as the L(0,1), L(0,2) and T(0,1) modes, are the
most widely-used modes for pipes and cables. The longitudinal mode guided waves are generated
based on the magnetostriction effect (known as the Joule effect) and received based on the inverse
magnetostriction effect or the magnetomechanical effect (known as the Villari effect). The receiving
coil is encircled pipes or cables to receive the longitudinal mode guided waves based on Faraday’s law
of induction. In field applications, the transducers are installed as close to the pipe wall as possible
to reduce the lift-off effect. However, the lift-off distance cannot be so small to be ignored in many
conditions, such as the pipe with the fiber-glass coating, which cannot be removed for installing the
transducer (often 3–10 mm; removing and repairing the coatings is too expensive to afford) and the
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bridge cable with high density polyethylene (HDPE) coatings (HDPE often 5–20 mm; the coatings
cannot be removed totally). When we use the magnetostrictive guided wave technology to inspect
these pipes and cables, the lift-off distance is comparatively large in spite of the very small lift-off
distance between the transducer and the coating surface. To inspect the high temperature pipes, the
transducer needs to be installed on the heat-insulation course (often 1–10 mm). Additionally, to inspect
the heat exchange tube from inside the pipe, the distance between the transducer and the wall is a few
millimeters to allow the transducer to be put inside the tube. Therefore, the lift-off effect needs to be
studied for analyzing the results. Meanwhile the coupling efficiency between the magnetic energy
and the elastic energy will be affected when the receiver is lifted off. We only care about the magnetic
field on the pipe surface when generating guided waves. Nevertheless, the conditions of the total
cross-section area of the pipe should be considered when receiving guided waves. Additionally, we
find that the amplitude of the receiving signals decreases when the receiving coil is loosened in field.
The existing model cannot explain this phenomenon.

Many studies were focused on the model of the magnetomechanical effect. The fundamental
theory of the magnetomechanical effect, provided by Jiles, Atherton and Sablik, was based on the
“law of approach” [11–15]. The change rate of magnetization with the input elastic energy depends on
the displacement from the anhysteretic magnetization. An improved model including the Rayleigh law
for the magnetomechanical effect was provided by Li [16]. The model had a better description at small
stress or sign changing. A coupled magnetomechanical model for the Villari-effect magnetostrictive
sensor was provided by Dapino [17,18]. It could be applied to both magnetostrictive sensors and
actuators by a nonlinear partial differential equation system. The magnetic field in the ferromagnetic
material was concerned in these models. Nevertheless, these models paid little attention to the
distribution of the magnetic field in the air zone. There were several models for receiving guided waves
based on the inverse magnetostrictive effect. In the 1950s, Williams R.C. developed a one-dimensional
model for detecting guided waves based on magnetostrictive delay lines [19]. The model, which
only could be used to solve some simple problems, did not take into account the structure of pipes.
Kim Y.Y. et al. gave a model of magnetomechanical effects in a rod under bending for the modal
testing [20–23]. To select the desired wave modes, the bias magnet configuration for mode selection
was investigated. In their models, the area of the receiving coil was replaced by the area of the rod to
calculate the induced voltage. The change of the magnetic field in the air gap was ignored since the
permeability of the rod is much greater than that of air. Based on the existing models, the loosened
receiving coil will not affect the receiving signals. However, the experimental phenomenon is in
contradiction with these models. This phenomenon indicates that the magnetic field in the air zone
to the induced voltage could not be ignored. In order to find the cause of the conflict, it is essential
to study the distribution of the magnetic field in the pipe cross-section (the pipe wall and the air
zone) when the wave passes. On the one hand, it is helpful to understand why the magnetostrictive
technology can receive guided waves with a large lift-off distance. On the other hand, it is useful to
design and arrange the Villari effect magnetostrictive sensor.

In this paper, we aim to obtain the distribution of the rate of change of the magnetic field in
the pipe cross-section to study the relation between the lift-off distance of the receiving coil and the
magnetomechanical coupling efficiency for receiving longitudinal guided waves in pipes. A finite
element (FE) model considering the changing magnetic field in the pipe wall and the air zone at the
same time is obtained. The relation between the amplitude of the induced signals and the radius
(lift-off distance) of the receiving coil is obtained, which is verified by experiment. The results show
that the coupling efficiency of the receiver is a monotonic decline with the lift-off distance increasing.
The decay rate of the low frequency wave is slower than the high frequency wave. Additionally, the
results show that the rate of change of the magnetic flux in the air zone and in the pipe wall is the same
order of magnitude, but opposite.
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2. Theory Background

When a ferromagnetic material during magnetization is subjected to the change of a stress,
the change of magnetization in the material is exhibited. This phenomenon is defined as the inverse
magnetostriction effect or the magnetomechanical effect. The longitudinal inverse magnetostriction
effect is called the Villari effect. When the longitudinal mode guided waves propagate in the pipe, the
stress in the propagating position is changed. Moreover, the change of the magnetic flux, which can be
induced by an encircling coil, is exhibited based on the Villari effect. Under an optimal strength axial
bias magnetic field, the Villari effect of the ferromagnetic metal can be linear and non-hysteretic when
the induced magnetic field is far less than the bias field. From the principle of energy conservation,
the relation of the mechanical and the magnetic properties can be expressed as:

S = sHT + dH (1)

B = eT + µT H (2)

where B is the magnetic flux density induced by the stress, e is the magnetostrictive coefficient, T is the
stress applied to the ferromagnetic material, µT is the permeability of the ferromagnetic material at
constant T and H is the strength of the applied magnetic field; where S is the strain, sH is the elastic
compliance at constant H, H is the magnetic field strength, T is the stress, d is the magnetostrictive
cross-coupling coefficient, B is the magnetic flux density and µT is the permeability at constant T.
The piezomagnetic equation is normalized in the IEEE Standard 319-1990 [24]. Equation (2) gives the
relation between the stress and the magnetic flux density as the Villari effect. In terms of Le Chatelier’s
principle, a thermodynamic relation between the Joule effect and the Villari effect could be given:

∂S
∂H

)
T
=

∂B
∂T

)
H

(3)

where ∂S
∂H

)
T

is the rate of change of magnetostriction with the magnetic field at the constant stress

and ∂B
∂T

)
H

is the change of the magnetic flux density with the stress at the constant field. Equation (3)
shows that if the change rate of the magnetostriction is fixed, the change of the magnetic flux density
is the same when the receiving coil is open and the bias magnetic field is fixed. Here, the dispersion
and the attenuation of the elastic waves are ignored. In other words, if the excitation conditions,
such as the excitation position, the excitation frequency and the excitation current, are fixed, the
distribution of the magnetic flux density around the pipe at the receiving position is the same at the
same moment. Therefore, if we could obtain the distribution of the rate of change of magnetic flux in
the pipe cross-section (the pipe wall and the air zone), the amplitude of the induced signal could be
calculated by using Faraday’s law of induction.

3. FE Model

An FE model based on the Joule effect and the Villari effect is simulated using commercial
FE software, COMSOL Multiphysics. This software can solve the magnetic-acoustic coupled
problem. Moreover, the custom constitutive equations can be input easily. The magnetization and
magnetostriction curves of the steel pipe are displayed in Figure 1. Here, a 2D axisymmetric FE model is
built up as we focus only on the axisymmetric mode waves. Based on the custom constitutive equations
mentioned above, a 2D axisymmetric FE model is built up, which contains both the transmitting and
receiving process. In the FE model, the AC/DC module is used to simulate the magnetic field, while
the solid mechanics module is applied in the sound field calculation. Due to the skin layer being the
region where the magnetic field changes fiercely, the inner and outer skin layer are set in the simulation
model. The area of inner and outer skin layers (0.03 mm depth and 80 mm length) are mapped in
a square grid; the other adjacent areas (air, tube, etc.) are free triangular meshed. Two skin layers
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are divided into 10 layers in the depth direction and 80 parts in the length direction; adjacent areas
are free triangular meshed with the minimum size of 0.036 mm and the maximum size of 0.8 mm.
The schematic diagram of the FE model is shown in Figure 2, and the parameters of the FE model
used in this work are shown in Table 1. Firstly, the bias magnetic field induced by the bias coil at the
excitation place and the receiving place is calculated. The permeability and the magnetostriction matrix
is obtained. Secondly, a four-cycle Hanning windowed tone burst is employed on the transmitting coil.
The dynamic magnetic field produced by the transmitting coil is calculated. Thirdly, the elastic wave
generated in the pipes based on the Joule effect is calculated. Magnetostrictive strain is calculated
through Equation (1) based on the dynamic magnetic field strength and the magnetostriction matrix.
Elastic waves generated by the strain are simulated through an elastic analysis. The displacement
vector, stress and strain of a particle induced by elastic waves in the pipe are calculated by taking the
second category Piola–Kirchhoff stress into consideration. Fourthly, the dynamic magnetic field in
the induced zone at the receiving place is calculated. The magnetic flux density in the pipe wall is
calculated through Equation (2) based on the permeability of the pipe and the magnetic field strength
of the pipe. The magnetic flux density in the air zone is calculated by using the magnetic field strength
of the air and the permeability of the air. The rate of change of the magnetic flux density in the radial
direction is obtained by differential computing. Finally, Equation (4) is used to calculate the change rate
of the magnetic flux waveforms from every ring (the area of each ring is different because the size of
each grid is different), Equation (5) to calculate the induced electromotive force waveforms at different
radial position and extracting the peak-to-peak value from the induced electromotive force waveforms.

dφrm /dt = dBz(rm)/dt × π(rm
2 − rm−1

2) (4)

U(rm) = ndφ(rm)/dt = n
m

∑
k=1

dφrk /dt (5)
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Figure 1. The magnetization curve and the magnetostriction curve of the steel pipe. (a) The
magnetization curve; (b) the magnetostriction curve.
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Figure 2. Schematic diagram of the FE model for generating and receiving guided waves based on the
magnetostrictive effect.



Sensors 2016, 16, 1529 5 of 14

Table 1. Parameters of the FE model used in this work.

Object Parameters Symbol Value

Pipe

Inner radius r1 14 mm
Outer radius r2 19 mm
Conductivity σ 1.12 × 107 S/m

Youngs Modulus E 210 GPa
Poissons ratio ν 0.29

Density ρ 7870 kg/m3

Bias coil

Width wb 110 mm
Height hb 5 mm

Inside diameter IDb 160 mm
Turns number Nb 500
Conductivity σ 6.7 × 107 S/m
Permeability urc 1

Excitation coil

Width wT 11 mm
Height hT 0.5 mm
Liftoff lf 0.25 mm

Turns number NT 20
Conductivity σ 6.7 × 107 S/m
Permeability urc 1

Excitation
parameters

Amplitude I 5 A
Center frequency f 20 kHz, 80 kHz

Receiving coil
Width wR 11 mm
Height hR 0.5 mm

Turns number NR 20

To calculate the induced electromotive force of the receiving coil, we define three zones in the
radial direction of the receiving place, as shown in Figure 3. Zone I is the air zone internal the pipe.
Zone II is the pipe wall. Zone III is the air zone from the external surface of the pipe to the bias coil.
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From Faraday’s law of induction and the z-axial symmetry of the magnetic field, the induced
electromotive force of the receiver coil is calculated in two conditions.

case 1 the receiving coil in Zone I:
φin(rin, t) = φI1(t) (6)

V(rin, t) = −ndφin
dt

= −n
d
dt

∫
I1

BI1 dSI1 = −2πn
d
dt

∫ rin

0
BI(r, t)dr (7)
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case 2 the receiving coil in Zone III:

φout(rout, t) = φI(t) + φI I(t) + φI I I1(rout, t) (8)

V(rout, t) = − ndφout
dt = −n d

dt (
∫
I

BIdSI+
∫
I I

BI IdSI I+
∫

I I I1

BI I I1 dSI I I1)

= −2πn d
dt (
∫ r1

0 BI(r, t)dr +
∫ r2

r1
BI I(r, t)dr+

∫ rout
r2

BI I I1(r, t)dr)
(9)

4. Experimental Setup

A steel pipe, with a 38 mm outer diameter, a 5 mm wall thickness and 3.2 m long, was employed as
the specimen. The group velocity disperse curve of the pipe is shown in Figure 4, which was calculated
by DISPERSE software [25]. The transmitting coil and the receiving coils were placed at approximately
1 m and 0.6 m from the near end of the pipe, respectively. The bias coils on the excitation side and on
the receiving side were the same, which were made of No. 18 gauge wire, with 500 turns, 110 mm in
length and 160 mm in diameter. The transmitting coil was made of No. 24 gauge wire, with 20 turns,
an 11 mm length and a 38.5 mm inner diameter. The transmitting coil and the bias coils encircled the
pipe from the outside. The receiving coils were made of No. 24 gauge wire, with 20 turns, 11 mm in
length. There were two group coils. The first group coils were placed in the internal air of the pipe,
and the second group coils were placed in the external air of the pipe. The diameters of the first group
coils were 13 mm, 17 mm, 21 mm, 24.7 mm and 26.2 mm. The diameters of the second group coils were
38.5 mm, 42 mm, 50 mm, 57 mm, 64 mm, 71 mm, 77 mm, 84 mm, 92 mm, 100 mm, 110 mm, 116 mm,
122 mm, 130 mm, 138 mm and 144 mm. The amplitudes of the bias current at the excitation side and
the receiving side were 3 A. Because the dispersion is harmful to the testing, the excitation frequency
of the mode with little dispersion is preferred. The excitation frequencies were 20 kHz (L(0,1)) and
80 kHz (L(0,2)). The excitation signal was a four-cycle sinusoidal tone burst with a Hanning window.
The peak value of the excitation current was 5 A. The induced signals by the receiving coils were
amplified by approximately 66 dB. The signals were subsequently digitized using an A/D card, which
works at 2 M sample per second. The repeated times were 300 times to reduce the white noises.
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5. Results and Discussions

The FE calculation results of the changing rate of magnetic flux density of four radial points
(internal air zone, pipe internal surface, pipe external surface and external air zone) of the first passing
signal at 20 kHz are shown in Figure 5. The rate of change of the magnetic flux density in the pipe
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wall and in the air zone is inverted. Here, we define that the changing rate of magnetic flux density
is positive in the air zone and negative in the pipe wall. The FE calculation peak-peak value of the
changing rate of magnetic flux density in the radial direction at 20 kHz and 80 kHz is shown in
Figures 6 and 7. The changing rate of magnetic flux density distribution in Zone I (the internal air
zone) and Zone III (the external air zone) are in the same direction, but the opposite direction in Zone II
(the pipe wall). The changing rate of magnetic flux density distribution in Zone I is relatively uniform.
The changing rate of magnetic flux density in Zone II is concentrated on the internal and external
surfaces by the skin effect. The decay speed of 80 kHz is quicker than 20 kHz with greater depths in
the pipe wall. The maximum value of the rate of change of the magnetic flux density in the pipe wall is
almost two orders of magnitude larger than that of the air zone at 20 kHz and 80 kHz. The reason is that
the permeability of the steel pipe is much greater than that of air. However, the induced electromotive
force depends on the rate of change of the magnetic flux enclosed by the receiving coil. Therefore,
the rate of change of the magnetic flux in the air zone should not be ignored based on this reason.
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Figure 5. The FE calculation results of the changing rate of magnetic flux density of four radial points
at 20 kHz.
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Figure 6. The FE calculation results of the changing rate of magnetic flux density in the radial direction
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Figure 7. The FE calculation results of the changing rate of magnetic flux density in the radial direction
at 80 kHz: (a) the internal air zone; (b) the pipe wall; (c) the external air zone; (d) the 0–80 mm zone.

In the following, we will discuss the effect of the changing rate of magnetic flux in the air zone on
the induced signal. First, the experimental signals from the internal coil with a 26.2 mm diameter and
the external coil with a 38.5 mm diameter at 20 kHz are shown in Figure 8. The two signals of the first
passing signal are inverted. Here, the peak-peak value of the first passing signal by the external coil is
defined as positive and by the internal coil as negative, which is in accordance with the definition of
the FE results. The normalized experimental and FE data of the peak-peak value of the first passing
signal at 20 kHz and 80 kHz are shown in Figure 9. The FE simulation results were normalized as
the peak-to-peak value of induced signal when the receiving coil was placed at the outside pipe with
0 mm lift-off. The reasons for the difference between the FE data shown in Figures 6, 7 and 9 are:

a) The magnetic flux density in the pipe wall is concentrated on the internal and external surfaces
by the skin effect. The maximum value of the change rate of magnetic flux density in the pipe
wall surface is almost two orders of magnitude larger than that of the air zone. The reason is that
the permeability of the steel pipe is much greater than that of air.

b) The effective area in the pipe wall is very limited, and the magnetic flux density in the pipe wall is
decreased quickly due to the skin effect. The magnetic flux density in the pipe wall is very small
(dB/dt = −1.686 × 10−6 T/s, r = 16.5 mm, f = 80 kHz). Although the magnetic flux density in the
air zone is less than two orders of magnitude that in the pipe wall, the decay rate of magnetic
flux density in the air zone is less than that in the pipe wall. Additionally, the effective area in the
air zone is larger than that in the pipe wall.
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Figure 8. The signals induced by the internal coil with a 26.2 mm diameter and the external coil with a
38.5 mm diameter at 20 kHz.
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The induced electromotive force depends on the change rate of the magnetic flux density and the
effective area enclosed by the receiving coil. Overall, although the maximum value of the change rate
of magnetic flux density in the pipe wall surface is almost two orders of magnitude larger than that of
the air zone, the induced electromotive force in the air zone and in the pipe wall is in the same order.

The experimental results were in agreement with the FE data at small radius or small lift-off
distance (20 kHz less than 57 mm radius, 80 kHz less than 28.5 mm radius). When the lift-off distance
of the receiving coil was large, the experimental results were less than the FE data. The results were
in accord with the curve given by Thompson R.B. [26]. The reason was that the magnetic field was
diffused in the air zone far from the pipe wall, which led to the weak signals and the stronger noise.
The phenomenon was much more obvious when the higher frequency was applied.

Here, if we supposed that the amplitude of the signal induced in the pipe wall was 100%, the
amplitude of the signal induced in Zone I was about 36.7%. The amplitude of the signal induced
in Zone III could reach 63.3% if the area of Zone III is large enough. When the radius of Zone III
is from 19 mm–50 mm, the amplitude of the induced signal was about 32% at 20 kHz and 57% at
80 kHz. The rate of change of the magnetic flux in the air zone and in the pipe wall was in the same
order of magnitude. Therefore, the rate of change of the magnetic flux in the air zone should not be
ignored. Based on this model, the lift-off distance of the receiving coil should be as small as possible
in application. By only considering the guided wave receiving based on the Villari effect, the low
frequency waves are more applicable to test pipes with a large lift-off distance than the high frequency
waves. Additionally, we can receive the longitudinal mode guided waves in pipes by only inducing
the rate of change of the magnetic flux in the air zone, as our former paper mentioned [27].

6. Conclusions

The lift-off effect of receiving the longitudinal mode guided waves in pipes is investigated based
on the Villari effect in this paper. A model of receiving longitudinal guided waves in pipes is obtained
based on the Villari effect, which takes into account the magnetic field in the pipe wall and the air
zone at the same time. The changing rate of magnetic flux density in the pipe wall and in the air zone
is inverted. The magnetic flux density in the pipe wall is concentrated on the internal and external
surfaces by the skin effect. The maximum value of the change rate of magnetic flux density in the pipe
wall surface is almost two orders of magnitude larger than that of the air zone. The reason is that the
permeability of the steel pipe is much greater than that of air. However, the induced electromotive
force depends on the change rate of the magnetic flux enclosed by the receiving coil. The change rate of
the magnetic flux in the air zone and in the pipe wall is in the same order of magnitude, but opposite.
If we supposed that the amplitude of the signal induced in the pipe wall is 100%, the amplitude of
the signal induced in internal air zone can reach up to 30%. The amplitude of the signal induced in
the outer air zone can reach up to 60%. Therefore, the rate of change of the magnetic flux in the air
zone should not be ignored. Due to the negative contribution of the air zone to the induced signal, the
amplitude of the receiving signal will decrease with the lift-off distance increasing. The relationship
between the amplitude of the receiving signal and the lift-off distance of the receiving coil is obtained,
which is verified by experiments. The results will provide support to inspecting pipes with a lift-off
distance based on the magnetostrictive effect. Additionally, the model is not applicable when the
lift-off distance is large due to the diffusion of the magnetic field in air, especially for the high frequency
guided waves. We will modify the model by considering the diffusion of the magnetic field when the
lift-off distance is large in the future work.

Acknowledgments: This work was supported by the National Natural Science Foundation of China (Grant No.
51205148), the Special Funds of Non-profit Industry Quality Supervision for Research (Grant No. 201310157) and
the Special Fund for Basic Scientific Research of Central Colleges (Grant No. 2014TS039).

Author Contributions: Xu, J. gave the idea of the paper, analyzed the data and wrote the paper. Sun, Y. made the
FE simulation and performed the experiments. Zhou, J.H. performed the experiments.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2016, 16, 1529 13 of 14

References

1. Kwun, H.; Kim, S.Y.; Light, G.M. The magnetostrictive sensor technology for long range guided wave testing
and monitoring of structures. Mater. Eval. 2003, 61, 80–84.

2. Rizzo, P.; Di Scalea, F.L. Load measurement and health monitoring in cable stays via guided wave
magnetostrictive ultrasonics. Mater. Eval. 2004, 62, 1057–1065.

3. Calkins, F.T.; Flatau, A.B.; Dapino, M.J. Overview of magnetostrictive sensor technology. J. Intell. Mater.
Syst. Struct. 2007, 18, 1057–1066. [CrossRef]

4. Liu, Z.; Zhao, J.; Wu, B.; Zhang, Y.; He, C. Configuration optimization of magnetostrictive transducers for
longitudinal guided wave inspection in seven-wire steel strands. NDT E Int. 2010, 43, 484–492. [CrossRef]

5. Tse, P.; Liu, X.; Liu, Z.; Wu, B.; He, C.; Wang, X. An innovative design for using flexible printed coils for
magnetostrictive-based longitudinal guided wave sensors in steel strand inspection. Smart Mater. Struct.
2011, 20, 055001. [CrossRef]

6. Cobb, A.C.; Kwun, H.; Caseres, L.; Janega, G. Torsional guided wave attenuation in piping from coating,
temperature, and large-area corrosion. NDT E Int. 2012, 47, 163–170. [CrossRef]

7. Panda, A.; Sharan, P.K.; Roy, R.K.; Murthy, G.; Mitra, A. Generation and detection of guided waves in a
defective pipe using rapidly quenched magnetostrictive ribbons. Smart Mater. Struct. 2012, 21, 045015.
[CrossRef]

8. Kim, H.W.; Lee, J.K.; Kim, Y.Y. Circumferential phased array of shear-horizontal wave magnetostrictive
patch transducers for pipe inspection. Ultrasonics 2013, 53, 423–431. [CrossRef] [PubMed]

9. Kim, Y.Y.; Kwon, Y.E. Review of magnetostrictive patch transducers and applications in ultrasonic
nondestructive testing of waveguides. Ultrasonics 2015, 62, 3–19. [CrossRef] [PubMed]

10. Liu, Z.; Hu, Y.; Fan, J.; Yin, W.; Liu, X.; He, C.; Wu, B. Longitudinal mode magnetostrictive patch transducer
array employing a multi-splitting meander coil for pipe inspection. NDT E Int. 2016, 79, 30–37. [CrossRef]

11. Jiles, D.C.; Atherton, D.L. Theory of the magnetization process in ferromagnets and its application to the
magnetomechanical effect. J. Phys. D Appl. Phys. 1984, 17, 1265–1281. [CrossRef]

12. Sablik, M.J.; Jiles, D.C. Coupled magnetoelastic theory of magnetic and magnetostrictive hysteresis.
IEEE Trans. Magn. 1993, 29, 2113–2123. [CrossRef]

13. Jiles, D.C. Theory of the magnetomechanical effect. J. Phys. D Appl. Phys. 1995, 28, 1537–1546. [CrossRef]
14. Naus, H.W.L. Theoretical developments in magnetomechanics. IEEE Trans. Magn. 2011, 47, 2155–2162.

[CrossRef]
15. Li, J.; Xu, M. Modified Jiles-Atherton-Sablik model for asymmetry in magnetomechanical effect under tensile

and compressive stress. J. Appl. Phys. 2011, 110, 063918. [CrossRef]
16. Li, L.; Jiles, D.C. Modified law of approach for the magnetomechanical model: Application of the Rayleigh

law to stress. IEEE Trans. Magn. 2003, 39, 3037–3039. [CrossRef]
17. Dapino, M.J.; Smith, R.C.; Flatau, A.B. Structural magnetic strain model for magnetostrictive transducers.

IEEE Trans. Magn. 2000, 36, 545–556. [CrossRef]
18. Dapino, M.J.; Smith, R.C.; Calkins, F.T.; Flatau, A.B. A coupled magnetomechanical model for

magnetostrictive transducers and its application to Villari-effect sensors. J. Intell. Mater. Syst. Struct.
2002, 13, 737–747. [CrossRef]

19. William, R.C. Theory of magnetostrictive delay lines for pulse and continuous wave transmission. IRE Trans.
Ultrason. Eng. 1959, 6, 16–32. [CrossRef]

20. Lee, H.; Kim, Y.Y. Wave selection using a magnetomechanical sensor in a solid cylinder. J. Acoust. Soc. Am.
2002, 112, 953–960. [CrossRef] [PubMed]

21. Cho, S.H.; Kim, Y.; Kim, Y.Y. The optimal design and experimental verification of the bias magnet
configuration of a magnetostrictive sensor for bending wave measurement. Sens. Actuators A Phys. 2003, 107,
225–232. [CrossRef]

22. Kim, Y.Y.; Cho, S.H.; Lee, H.C. Application of magnetomechanical sensors for modal testing. J. Sound Vib.
2003, 268, 799–808. [CrossRef]

23. Han, S.W.; Lee, H.C.; Kim, Y.Y. Noncontact damage detection of a rotating shaft using the magnetostrictive
effect. J. Nondestruct. Eval. 2003, 22, 141–150. [CrossRef]

24. IEEE. IEEE Standard on Magnetostrictive Materials: Piezomagnetic Nomenclature; Std. 319-1990; IEEE Std.:
New York, NY, USA, 1991; p. 9.

http://dx.doi.org/10.1177/1045389X06072358
http://dx.doi.org/10.1016/j.ndteint.2010.05.003
http://dx.doi.org/10.1088/0964-1726/20/5/055001
http://dx.doi.org/10.1016/j.ndteint.2012.01.002
http://dx.doi.org/10.1088/0964-1726/21/4/045015
http://dx.doi.org/10.1016/j.ultras.2012.07.010
http://www.ncbi.nlm.nih.gov/pubmed/22925267
http://dx.doi.org/10.1016/j.ultras.2015.05.015
http://www.ncbi.nlm.nih.gov/pubmed/26048175
http://dx.doi.org/10.1016/j.ndteint.2015.11.009
http://dx.doi.org/10.1088/0022-3727/17/6/023
http://dx.doi.org/10.1109/20.221036
http://dx.doi.org/10.1088/0022-3727/28/8/001
http://dx.doi.org/10.1109/TMAG.2011.2134863
http://dx.doi.org/10.1063/1.3638711
http://dx.doi.org/10.1109/TMAG.2003.815882
http://dx.doi.org/10.1109/20.846217
http://dx.doi.org/10.1177/1045389X02013011005
http://dx.doi.org/10.1109/T-PGUE.1959.29250
http://dx.doi.org/10.1121/1.1497623
http://www.ncbi.nlm.nih.gov/pubmed/12243183
http://dx.doi.org/10.1016/S0924-4247(03)00349-2
http://dx.doi.org/10.1016/S0022-460X(03)00476-0
http://dx.doi.org/10.1023/B:JONE.0000022033.96593.79


Sensors 2016, 16, 1529 14 of 14

25. Pavlakovic, B.; Lowe, M.; Alleyne, D.; Cawley, P. Disperse: A general purpose program for creating dispersion
curves. In Review of Progress in Quantitative Nondestructive Evaluation; Thompson, D.O., Chimenti, D.E., Eds.;
Springer US: New York, NY, USA, 1997; pp. 185–192.

26. Thompson, R.B. A model for the electromagnetic generation of ultrasonic guided waves in ferromagnetic
metal polycrystals. IEEE Trans. Sonics Ultrason. 1978, 25, 7–15. [CrossRef]

27. Xu, J.; Wu, X.; Kong, D.; Sun, P. A guided wave sensor based on the inverse magnetostrictive effect for
distinguishing symmetric from asymmetric features in pipes. Sensors 2015, 15, 5151–5162. [CrossRef]
[PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/T-SU.1978.30979
http://dx.doi.org/10.3390/s150305151
http://www.ncbi.nlm.nih.gov/pubmed/25738769
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Theory Background 
	FE Model 
	Experimental Setup 
	Results and Discussions 
	Conclusions 

