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Abstract：A shear wave electromagnetic acoustic transducer（EMAT） optimized structure is proposed by using
circumferential annular Halbach magnet structure. Based on the orthogonal test，the effects of the coil conductor
width，the spacing between adjacent conductors，the number of turns and the lifting distance on EMAT energy
conversion effect are studied，and the optimal parameter combination is given. The structural design of the Halbach
magnet is proposed. The cost coefficient S of the Halbach structure is defined，and the optimal thickness of auxiliary
magnetic pole is obtained. The optimized EMAT coil diameter is reduced by 35% and the echo signal strength is
significantly improved. Finally，C-scan imaging is carried out on the sample to verify the detection ability of EMAT.
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0 Introduction

Metal / nonmetal bonding structures are wide⁃
ly used in aerospace，national defense and other
fields. As a common process means，bonding has
the advantages of simple operation，excellent damp⁃
ing performance and uniform distribution of connec⁃
tion stress. On the other hand，unavoidable defects
such as debonding and weakening of bonding
strength seriously affect the safety and service life of
the structure［1］. It has important military and eco⁃
nomic value for the evaluation of bonding quality.
At present，a variety of nondestructive testing meth⁃
ods have been used to evaluate the bonding quality.
Among them，ultrasonic testing method has attract⁃
ed extensive attention because of its convenient use，
high efficiency and intuition.

Compared with the traditional piezoelectric ul⁃
trasonic testing methods，electromagnetic ultrasonic
testing technology has many advantages，such as
non-contact，no coupling medium，easy to produce
various ultrasonic waves［2-3］，and even can be ap⁃

plied in special occasions such as high temperature
and isolation layer. It has very high application value
and application prospect. For the applications in the
fields of metal thickness measurement and bonding
structure detection，the most commonly used meth⁃
od is pulse reflection method：When ultrasonic
waves propagate in a certain speed and direction in
materials and encounter heterogeneous interfaces
with different acoustic impedance（such as debond⁃
ing defects or bonding interfaces of tested objects，
etc.），reflection，refraction and waveform conver⁃
sion will occur［4］，and the defect attributes will be
judged by extracting the characteristics of echo. In
the selection of waveform， the ultrasonic volume
wave that can propagate arbitrarily in the medium is
the main application waveform. Compared with the
longitudinal wave，the shear wave has shorter wave⁃
length and higher detection resolution under the
same excitation frequency. Therefore，the electro⁃
magnetic ultrasonic shear wave detection technology
is used to detect the bonding of metal nonmetal
bonding interface.
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Because the electromagnetic ultrasonic trans⁃
ducer（EMAT） with different performance has a
great impact on the detection results in practical ap⁃
plication，the optimal design of EMAT probe is a
research hotspot at present. In this study， an
EMAT probe based on Halbach magnet structure is
designed，and the magnet and coil parts are opti⁃
mized respectively. The detection and imaging ex⁃
periments of metal nonmetal bonding structure are
carried out to verify the detection ability of EMAT
probe under this design.

1 Technical Principle

EMAT mainly includes three structures：Mag⁃
net，coil and tested part. The magnet is used to pro⁃
vide static magnetic field，and the coil is used to in⁃
put high-frequency alternating current to excite ul⁃
trasonic wave or receive ultrasonic echo signal. The
properties of the tested part do not belong to the
scope of EMAT structure optimization design，but
it is required to have conductivity or ferromagne⁃
tism.

1. 1 Energy exchange mechanism

Based on electromagnetic effect，electromag⁃
netic ultrasonic energy transfer mechanism mainly
includes Lorentz force mechanism，magnetostric⁃
tion mechanism and magnetization force mecha⁃
nism. For ferromagnetic materials，after years of re⁃
search and experiments， scholars at home and
abroad have concluded that in the vertical magnetic
field，the Lorentz force mechanism plays an abso⁃
lutely dominant role，while the proportion of magne⁃
tostriction mechanism will not exceed 5%，and the
magnetization force mechanism can be ignored［5］. In
the shear wave detection using vertical magnetic
field， the energy conversion principle based on
Lorentz force energy conversion mechanism is
shown in Fig.1.

1. 2 Principle of debonding detection

After the high-frequency alternating electric
pulse is introduced into the coil，the induced eddy
current J and alternating magnetic field will be gen⁃
erated in the skin depth of the tested part，and then

the dynamic Lorentz force will be generated. The
static Lorentz force is generated by the interaction of
the external bias magnetic field and the induced ed⁃
dy current J. Under the combined action of dynamic
and static Lorentz forces，the particles in the tested
part produce high-frequency periodic vibration and
propagate in the form of waves. In the actual detec⁃
tion，the Lorentz force f generated by the static mag⁃
netic field B plays a leading role［6］.

Fig.2 shows the electromagnetic ultrasonic test⁃
ing method for interface debonding defects. In the
detection of bonding state， when the ultrasonic
wave propagates from the upper metal to the bond⁃
ing interface，the reflectivity of the interface with
good bonding quality is low，and most of the acous⁃
tic waves are transmitted. When the interface bond⁃
ing quality is poor，most of the sound waves are re⁃
flected，and total reflection occurs in the case of
debonding. The reception of reflected echo is the in⁃
verse process of excitation process. The general ex⁃
pression of echo signal received by EMAT coil is

U= kIn1n2B2 ρDh/z. (1)
where I is the amplitude of the input signal，B the
magnetic field strength，and z the acoustic imped⁃
ance of the tested part；n1 and n2 are the turns of
the excitation and receiving coil，respectively，and
D and h the geometric size and lifting distance of
the coil，respectively. According to the structural

Fig.1 Energy exchange principle of Lorentz force mecha⁃
nism

Fig.2 Electromagnetic ultrasonic testing method for inter⁃
face debonding defects
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characteristics of EMAT probe，the coil and mag⁃
net can be designed and optimized respectively.

1. 3 Simulation model

The finite element model of steel / rubber
bonded structure is established in the multi physical
field simulation software COMSOL Multiphysics
5.3. In the experiment，the residual flux density of
the uniform external bias magnetic field is set to be
1.4 T，and the direction is perpendicular to the sur⁃
face of the tested piece downward. A sinusoidal
pulse modulated voltage signal is connected to the
coil，and its expression is

U= U 0 × e-12e12×( )t- t0
2

cos (2πf ( t- t0 ) ) (2)
where U0 = 500 V，time delay t0 = 6.67×10-7 s，
frequency f = 4.5 MHz. The line width is 15 mil
(1 mil=0.025 4 mm)，the conductor spacing is 8
mil，the number of turns is 15，and the lifting dis⁃
tance is 1.0 mm. Considering the skin effect，the
number of grids in the skin layer on the steel surface
shall not be less than 7. The simulation time is 5 000
ns. Fig.3 shows the displacement in the steel plate at
800 ns.

2 Coil Design and Optimization

In order to excite the shear wave，the common⁃
ly used spiral coil is selected. Considering that there
are many coil related design parameters，in order to
reduce the number of experiments，the orthogonal
test method is used to analyze the influence of vari⁃
ous parameters on the excited ultrasonic intensity.
Four parameters，such as line width（A），line spac⁃
ing（B），number of turns（C）and lift distance（D），

were selected to design a 4-factor 3-level orthogonal
test［7］. The shear wave displacement peak W at the
interface and the eddy current density P on the sur⁃

face of the tested part are selected as the inspection
indexes. The different levels of each factor are
shown in Table 1. According to the experimental de⁃
sign，the L9（34）orthogonal table and experimental
results shown in Table 2 are obtained.

According to the experimental results，the vari⁃
ation trend of shear wave amplitude and induced ed⁃
dy current intensity in different levels of experi⁃
ments is basically consistent，which is in line with
the principle of Lorentz force mechanism. The pa⁃
rameter combination of EXP 1 with the largest
shear wave amplitude is the current optimal parame⁃
ter combination. At this time， the linewidth is
10 mil，the conductor spacing is 6 mil，the number
of turns is 13，and the lifting distance is 0.8 mm. In
fact，the experiment of four factors and three levels
should have 81 parameter combinations，so it is nec⁃
essary to further determine the optimal level in com⁃
bination with range analysis. Taking the shear wave
peak value W as the main inspection index，the re⁃
sults in Table 3 are obtained.

Taking the maximum amplitude of shear wave
as the design objective，according to the analysis re⁃
sults，it can be seen that the optimal levels of line
width，conductor spacing，turns and lifting distance
are 10 mil，6 mil，13 turns and 0.8 mm respective⁃

Fig.3 Propagation of ultrasonic wave in steel plate

Table 1 Factor levels of orthogonal test

Level

1
2
3

Factor
A/mil
10
15
20

B/mil
6
8
10

C
13
15
15

D/mm
0.8
1.0
1.0

Table 2 Orthogonal test parameter

EXP

1
2
3
4
5
6
7
8
9

Factor

A/mil

10
10
10
15
15
15
20
20
20

B/mil

6
8
10
6
8
10
6
8
10

C

13
15
17
15
17
13
17
13
15

D/mm

0.8
1.0
1.2
1.2
0.8
1.0
1.0
1.2
0.8

Target
W/
10-11m
3.25
2.18
1.60
1.86
2.09
2.45
1.85
2.09
2.36

P/
109 (A·m-2)

3.07
2.33
1.81
2.09
2.34
2.69
2.08
2.40
2.63
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ly. It can be determined that A1B1C1D1，i. e. EXP 1
parameter combination is the optimal parameter
combination，and similarly，A3B2C3D3 is the worst
parameter combination. Select A1B1C1D1 as the opti⁃
mization result.

According to the range analysis，except for the
conductor spacing，the other three factors show the
characteristics that the smaller the horizontal value
is，the higher the EMAT energy conversion efficien⁃
cy is. The influence of wire turns and lift off dis⁃
tance on the experimental results is much greater
than that of wire width and wire spacing. Even in
this orthogonal test，the number of turns is the main
influencing factor. However， in previous studies，
people often pay attention to the influence of probe
lift off distance and ignore the discussion of the num⁃
ber of turns. Compared with the parameter combina⁃
tion A2B2C2D2 before optimization，the shear wave
displacement at the corresponding bonding interface
of the coil with the three parameter combinations un⁃
der the same magnetic field environment is shown in
Fig.4. Fig.5 shows the physical comparison be⁃
tween the optimized coil and the original coil.

3 Magnet Design and Optimization

3. 1 Halbach magnet structure

The optimization goal of the magnet part is to
provide a stronger magnetic field pointing to the tar⁃
get detection area under the requirement of limited
magnet size. Halbach magnet array enhances the
magnetic field on one side and weakens the magnetic
field on the other side by arranging a series of perma⁃
nent magnets according to a certain law［8］. This char⁃
acteristic just meets the requirements of electromag⁃
netic ultrasonic technology for the direction of mag⁃
netic field. At present，the common Halbach struc⁃
tures are mainly linear，plane and cylindrical，which
are mainly used in the fields of train braking，genera⁃
tor performance optimization and so on. Fig.6 shows
the cross-sectional magnetic field distribution of a
single group of linear Halbach magnet arrays.

3. 2 Optimization design of magnet structure

In the research on the enhancement of EMAT
magnetic field intensity，Liu，et al. proposed a fo⁃
cusing structure［9］，which can enhance the magnetic
field intensity in the target range by focusing
through the superposition of cylindrical magnets of
different sizes. In order to compare the performance
of ordinary cylindrical magnet， focusing structure
and single group Halbach structure，under the condi⁃

Table 3 Range analysis results

Project

Mean Valve

Range

-
k1
-
k2
-
k3
R

Factor
A/mil
2.34
2.13
2.10
0.24

B/mil
2.31
2.12
2.14
0.19

C
2.60
2.13
1.85
0.75

D/mm
2.57
2.16
1.85
0.72

Note:-k1,
-
k2 and

-
k3 are the mean values of the sum of dif⁃

ferent experimental results when the factor takes the corre⁃
sponding level. R is the corresponding range.

Fig.4 Shear waves excited by coils with different parame⁃
ters

Fig.5 Coil before and after optimization

Fig.6 Single group linear Halbach magnet array
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tions of equal magnet thickness， same material，
same coverage area and same lifting distance，com⁃
pare the induced magnetic field generated by the
three structures on the surface of the tested part，as
shown in Fig. 7. Among them，the size parameters
of the focusing structure are the parameters of arti⁃
cle［9］.

Optimization design of magnet structure accord⁃
ing to the results，Halbach structure can provide
stronger magnetic field within the target coverage.
Considering the structural characteristics of EMAT
spiral coil，in order to make the magnetic field distri⁃
bution in the whole coil coverage area conform to
the circular characteristics，this study proposes to ro⁃
tate the above single group of linear Halbach array
around the center of the main magnetic pole for one
cycle to obtain the circumferential Halbach structure
magnet combination. The magnetic field distribution
of the three structures in three-dimensional space is
shown in Table 4.

According to the simulation and comparison ex⁃
periments， the circumferential Halbach structure
proposed in this study can provide the strongest
magnetic field strength among the three structures
with equal thickness under the condition of the same
target coverage. Compared with the structure of Liu
et al.［9］，the structure not only reduces the weight of
the magnet part，but also improves the overall mag⁃
netic field strength. The regular shape is also conve⁃
nient for fabrication and assembly.

According to the optimal coil parameters dis⁃
cussed above，the diameter of the main magnetic

pole is 16 mm. The increase of the auxiliary pole
width can significantly improve the magnetic field in⁃
tensity on one side within the coverage of the main
pole，but at the same time，it will lead to the signifi⁃
cant increase of the magnet volume. In order to
study the optimal value of auxiliary pole width，8
groups of experiments were carried out，and the re⁃
sults are shown in Table 5. In order to discuss the
relationship between the three and determine the op⁃
timal width of the auxiliary magnetic pole，a Hal⁃
bach structure cost coefficient S is defined，which
represents the maximum flux density mode in⁃
creased by increasing the unit volume. In Eq.（3），T

and V are the change values of the maximum flux
density mode and volume of the two groups of data.

S= ∆T
∆V (3)

The curve of the cost coefficient S in Fig.8 is
not monotonic and reaches the peak when the auxil⁃

Fig.7 Magnetic field intensity distribution of magnets with
different structures

Table 4 Magnetic field distribution of different struc⁃
tures

Structure

Common

Focusing

Halbach

Flux density mode/T
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iary pole width is 5 mm. Before the width does not
exceed 5 mm，the magnetic field intensity increased
by the increase of unit volume is increasing. At this
time，it is considered that the cost of the increase of
width is positively acceptable； after exceeding
5 mm，the magnetic field strength increased by the
increase of unit volume decreases continuously. At
this time，it is considered that the cost of increasing
volume is negative. Therefore，the width of the aux⁃
iliary pole is 5 mm.

4 Detection Experiment and Imag⁃
ing

Table 6 lists the EMAT structural parameters
before optimization. The diameter of the main mag⁃
netic pole is the value of the corresponding coil size
plus 2 mm. Figs.9，10 show the echo signals before
and after optimization. Under the same conditions，
the optimized EMAT echo amplitude is significantly
improved，and the probe volume is reduced by 8%.
The coil diameter is reduced by 35%，which corre⁃
spondingly improves the resolution of EMAT
probe. The optimized EMAT can stimulate higher

intensity ultrasound，and then improve the intensity
of echo signal.

In the iron / rubber partial square bonding sam⁃
ple shown in Fig. 11，the thickness of the bonding
layer is 2 mm，and the widths of the well bonded test
blocks are 1 cm，2 cm，3 cm and 5 cm，respectively.
The four test blocks represent the positions with
good bonding，and the periphery represents debond⁃
ing. During C-scan，the scanning step is 2 mm. Due

Table 6 EMAT structural parameters before and after
optimization

Parameter

Coil

Lift distance

Main magnetic pole

Auxiliary pole

Size type

Width/mil
Spacing/mil
Turns

Distence/mm
Diameter/mm
Height/mm
Lenth/mm
Width/mm
Height/mm

Origin
value
15
8
15
1.0
22
19
/
/
/

Optimized
value
10
6
13
0.8
16
19
5
5
19

Fig.9 Simulation experiment of shear wave amplitude be⁃
fore and after optimization

Fig.10 Echo signal before and after optimization in the ex⁃
periment

Table 5 Auxiliary pole width selection experiments

Auxiliary
pole width/
mm
3
4
5
6
7
8
9
10

Maximum flux
density mode/T

1.01
1.06
1.13
1.18
1.21
1.24
1.27
1.29

Volume/mm3

28 900
34 400
40 300
46 800
53 700
61 100
69 000
77 300

S

0.364
0.469
0.310
0.173
0.162
0.152
0.096

Fig.8 Halbach structure cost coefficient S curve
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to the limitation of bonding process，glue overflows
in varying degrees around the test block，and the
test result is not a standard rectangular straight
edge. The ultrasonic wave has attenuated a lot in
the bonding layer，and the reflected echo is too few，

so it is difficult to detect the debonding. The test re⁃
sults of the test block with a width of 1 cm are obvi⁃
ously sawtooth because the boundary is only 5 pix⁃
els，and the step can be reduced.

5 Conclusions

In summary， an electromagnetic ultrasonic
body wave probe based on circumferential Halbach
structure is proposed，that is，the magnet combina⁃
tion arranged according to a certain law is adopted in
the magnet part to significantly enhance the magnet⁃
ic field intensity on one side within the target range
of the main magnetic pole. Based on the orthogonal
test，the four parameters of wire width，wire spac⁃
ing， coil turns and coil lifting distance are opti⁃
mized，and the optimal parameter combination is ob⁃
tained. After optimization，the coil diameter is re⁃
duced by 35%. According to the range analysis re⁃
sults，in addition to the lifting distance，the number
of turns is also an important factor affecting the ener⁃
gy conversion efficiency. Referring to the structural
characteristics of linear Halbach，the circumferential
ring magnet is used as the auxiliary magnetic pole

and the cylindrical magnet is used as the main mag⁃
netic pole. Under the same conditions，this struc⁃
ture can provide a stronger magnetic field in the tar⁃
get range than the structure in article［9］. The im⁃
proved magnet structure is composed of a cylindrical
magnet with a diameter of 16 mm and a height of
19 mm and an annular magnet with a width of
5 mm. The magnetization direction of the cylindrical
magnet of the main magnetic pole is axial magnetiza⁃
tion，and the magnetization direction of the annular
magnet of the auxiliary magnetic pole is radial mag⁃
netization. The diameter of the main magnetic pole
is determined by the coil，and the width of the auxil⁃
iary magnetic pole is determined by the proposed
Halbach structure cost coefficient S. Experiments
show that the optimized EMAT can significantly im ⁃
prove the amplitude of echo signal and reduce the
volume of probe by 8%. Compared with the Hal⁃
bach magnet structure proposed by Cai et al.［10］，the
effective magnet area ratio of this probe is signifi⁃
cantly higher. Finally，the C-scan imaging of square
bonding samples is carried out to verify the detec⁃
tion ability of the probe.
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基于Halbach结构的电磁超声体波探头的设计与优化

张迈一，陈仁文，张雨枫
(南京航空航天大学航空学院，南京 210016，中国)

摘要：提出了一种采用环形Halbach磁体结构的剪切波（Electromagnetic acoustic transducer，EMAT）优化设计结

构。首先，基于正交试验，研究了线圈导体宽度、相邻导体间距、匝数和提升距离对 EMAT能量转换效果的影

响，并给出了最佳参数组合。然后，提出了 Halbach磁体的结构设计，并定义了 Halbach结构的成本系数 S，得到

了辅助磁极的最佳厚度。优化的 EMAT线圈直径减少了 35%，回波信号强度显著提高。最后，对样品进行了 C
扫描成像，以验证该 EMAT的检测能力。

关键字：脱粘；电磁超声；优化设计；Halbach
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