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ABSTRACT

The corresponding relationship between magnetic induction intensity and GMM strain was analyzed theoretically. The
finite element software COMSOL Multiphysics was used to select and compare the transducer, and the static simulation
analysis of the bias magnetic field was carried out.Taking the axial magnetic induction intensity and magnetic field
heterogeneity of GMM rod as optimization evaluation indexes, the optimal magnetic circuit design scheme was
determined by optimizing the transducer shell material, the relative permeability of magnetic block and the structural
parameters of permanent magnet. The two indexes were significantly improved and the magnetic leakage was reduced,
and clear test results were obtained.
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1. INTRODUCTION
Giant magnetostrictive material (GMM) has the advantages of high driving accuracy, high mechanical and electrical
conversion efficiency, fast response speed, large magnetostrictive coefficient, etc. The giant magnetostrictive ultrasonic
guided wave transducer uses GMM rod to generate mechanical vibration under the bias magnetic field and
high-frequency alternating driving magnetic field, so as to realize the conversion between electricity-magnetic
field-mechanical energy 1,2. The mechanical vibration is loaded into the pipeline with defects to generate ultrasonic
guided wave, which can be combined with the receiving transducer to complete the defect detection.
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Yang X.L et al.3 conducted a simulation analysis on the giant magnetostrictive electrohydrostatic actuator (GMEHA) and
compared the bias magnetic field provided by DC coil and permanent magnet. The experiment showed that the bias
magnetic field provided by permanent magnet had a low displacement peak, but the difference was small and the heat
dissipation was good.It can greatly improve the control accuracy and working time of GMEHA, and provide a reference
for the selection of magnetic field bias mode in the subsequent research.Chen S et al.4 compared the open and closed
state of the magnetic circuit and verified that the magnetic field in the GMM bar of the closed magnetic circuit has
greater intensity, greater uniformity and smaller fluctuation range, and that the permanent magnet can provide a stable
magnetic field to avoid the phenomenon of "frequency doubling".Liu Q et al.5 used the finite element software to
optimize the magnetic circuit gap size of the giant magnetostrictive transducer. The results showed that the magnetic
field strength and uniformity decreased with the increase of the gap, and the groove width of the optimal magnetic
cylinder was determined through experiments.Yan H.B et al.6 compared the thickness, radius and other parameters of
permanent magnets in the biased magnetic field with the magnetic field of the closed magnetic circuit, obtained the
distribution uniformity of the axial magnetic field in the GMM rod, selected the best response parameter values, verified
the corresponding relationship between the output displacement and the magnetic field uniformity, and further optimized
the magnetic field uniformity.Gao X.H et al.7 used Ansoft Maxwell simulation software to design magnetic conductive
end caps at both ends of magnetic circuits to suppress magnetic leakage. By changing the diameter and thickness of the
end caps,the functional relationship between these two parameters and the maximum magnetic field intensity was
compared and analyzed, and the end cap parameters at the maximum magnetic field intensity were obtained.Du G.X et
al.8 built a test platform for the characteristics of giant magnetostrictive bars, which could measure the B-H curve and
Young's modulus of GMM bars and other properties and parameters, providing feasible experimental support for the
finite element simulation test.

According to the current research status, giant magnetostrictive transducers are mostly involved in machining,
micro-displacement sensing system and other fields9-11. While there are few reports on the application of giant
magnetostrictive transducers to ultrasonic guided waves for defect detection. Due to the high frequency response
required by ultrasonic detection, the magnetic field uniformity is required to be higher.So the study of bias magnetic
field is of great significance.

2. STRUCTURE ANALYSIS AND MODEL ESTABLISHMENT OF TRANSDUCER
2.1 Structural analysis of transducer

Common giant magnetostrictive transducers are mainly composed of driving magnetic field, GMM rod, bias magnetic
field, output rod and prestressed device. Figure 1 shows two models of giant magnetostrictive transducers with different
structures. Figure 1 shows two models of giant magnetostrictive transducers with different structures. Figure 1 (a) shows
the biased magnetic field provided by the DC coil. The magnetic field intensity of this structure can be adjusted by the
current, but it is not suitable for long-term use due to its complex structure, large eddy current and high heat generated by
the coil; The other is the bias magnetic field provided by the permanent magnet, as shown in Figure 1(b). The size of the
bias magnetic field generated by this method is not adjustable, but it is more suitable for small transducers by taking
advantage of the large magnetic product energy, relatively simple structure and low cost of the permanent magnet.

(a) (b)

Figure 1. (a) Coil biased magnetic field transducer, (b) permanent magnet biased magnetic field transducer
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Permanent magnet biased magnetic field can be divided into cylinder type and cylindrical type according to different
structural forms, as shown in Figure 2. The selection of permanent magnet type affects the structure of magnetic circuit
and the size and uniformity of magnetic induction intensity in GMM bar. Generally, the uniformity of cylindrical
magnetic field is greater than that of cylindrical magnetic field. The selection and optimization of bias magnetic field are
carried out through simulation and comparison test.

(a) (b)

Figure 2. (a) Cylindrical permanent magnet ,(b)Cylinder permanent magnet

2.2 Theoretical analysis of the transducer

The magnetic field and external pressure of the GMM rod in the transducer change, resulting in magnetostrictive
deformation and magneto-mechanical coupling effect.Changes in applied pressure will also cause magnetic field changes
in magnetostrictive materials, thus generating mechanical-magnetic coupling effect. The constitutive relation of this
effect under static magnetic field condition12 is:

33H
y

d H
E
   (1)

33B d H   (2)
Type:λ ismaterial strain;d33 piezomagnetic coefficient;EHy is the elastic modulus;H is the magnetic field intensity;σ is
the compressive stress of GMM bar;μ σ is the relative permeability of the GMM bar under a given pressure.B is
magnetic induction intensity.

According to Formula (1) and Formula (2), it can be obtained:
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By the formula (3), on the assumption that d33,EH y,µσ is constant, the quantitative σ for a specific value. The linear
correspondence equation can be used to describe the relationship between the strain λ and the magnetic induction B of
the magnetostrictive material. Therefore, the magnitude and uniformity of magnetic induction in the GMM rod will
affect the magnitude of strain.

2.3 Transducer model establishment and analysis

The magnetostrictive module in COMSOL Multiphysics was used for modeling, and the magnetic field uniformity in
GMM rod was analyzed according to different magnetic loops composed of different structures and materials. Firstly,
the magnetic field uniformity was simulated and compared with the structural selection of two permanent magnets.As
the transducer has an axisymmetric structure, two-dimensional modeling is conducted, as shown in FIG. 3.
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(a) (b)

Figure 3.(a) Cylinder permanent magnet transducer, (b) Cylindrical permanent magnet transducer

The main material parameters in the model are shown in Table 1.

Table 1. Main material related parameters of the transducer model

Material Electrical Conductivity (s/m) Relative permeability
Copper 5.998×107 1
Pure Iron 1×107 2000
GMM Rod 1.66×106 7.5
NDFEB 6.25×105 1.05
Aluminum 3.03×107 1

Define ψ for magnetic field uniformity coefficient of uniformity is the higher the coefficient is small, the larger the
coefficient that the magnetic induction intensity near 1 say more uneven.Where Hmax is the maximum axial or radial
magnetic induction in the GMM bar and Hmin is the minimum axial or radial magnetic induction in the GMM bar. Then
the coefficient ψ can be written as:

max min

max

100%H H
H




  (4)

The magnetic induction intensity distributions of two permanent magnets are shown in Figure 4. The field inequality
coefficient of the cylindrical permanent magnet transducer is recorded as ψ1, and the cylindrical inequality coefficient is
recorded as ψ2. The comparison of axial magnetic induction intensity of GMM rod is shown in Figure 4 (a),Calculated
by the male type (4) can get ψ1 = 66.72%, ψ2= 98.55%. It is proved that the magnetic field uniformity of the cylindrical
transducer is obviously higher than that of the cylindrical permanent magnet transducer, and the magnetic induction
intensity in the cylindrical transducer GMM rod is also greater than that in the cylindrical transducer GMM rod except
near the two ends of the GMM rod.

(a) (b)

Figure 4.(a) Axial magnetic induction of GMM rod ,(b)GMM rod radial magnetic induction
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As shown in FIG. 4 (b), the radial magnetic induction intensity at the center of GMM rods of the two structures does not
change significantly, and the optimization focuses on the axial direction.According to Formula (4), the radial magnetic
field inequality of cylindrical GMM rod is 0.15%, and that of cylindrical permanent magnet is 10.29%. The magnetic
field uniformity of cylindrical permanent magnet is higher in both radial and axial direction than that of cylindrical
permanent magnet, and the magnetic induction intensity generated by cylindrical permanent magnet in GMM rod is too
small, which cannot meet the requirements of transducer on magnetic field intensity. The cylindrical permanent magnet
is preferred to optimize the magnetic circuit design.

3. TRANSDUCER MAGNETIC CIRCUIT OPTIMIZATION
3.1 Transducer magnetic circuit design

The magnetic circuit design of the transducer directly affects its working performance. A good closed magnetic circuit
can reduce magnetic leakage and make the magnetic induction intensity and uniformity conform to the linear working
range of magnetostrictive materials.

(1) Selection of transducer shell material

The enclosure of the transducer can not only protect and support the internal components, but also act as a part of the
magnetic circuit in the magnetic field to conduct the magnetic circuit or prevent magnetic leakage.First, the commonly
used industrial pure iron is used as the transducer shell for analysis. As shown in Figure 5 (a), compared with the iron
shell, the relative permeability of the GMM rod is lower, which makes most of the magnetic induction lines pass through
the iron shell and form a closed magnetic loop with the permanent magnet, and only a small part passes through the
GMM rod.When the aluminum shell is used, because the permeability of the aluminum shell is smaller than that of the
GMM rod, the GMM rod, permanent magnet and output guide rod form a closed magnetic loop, as shown in Figure 5
(b).But at this time, the magnetic induction lines are mostly concentrated at the end of the permanent magnet and spread
into the air outside the transducer after passing through the aluminum shell with low permeability, resulting in serious
magnetic leakage phenomenon.

(a) (b)

Figure 5.(a)Iron case magnetic induction wire, (b)Aluminum case magnetic induction wire

A magnetic leakage monitoring point was set at the external distance of the two shell models 30mm from the center of
the GMM rod. The magnetic leakage caused by the two materials was numerically compared. The axial magnetic
induction intensity of the point was 0.00077T when the iron shell was used, and the axial magnetic induction intensity of
the middle point of the GMM rod was 0.0022T.The axial magnetic induction intensity at the monitoring point of the
aluminum shell is 0.133T, and that at the middle point of the GMM rod is 0.342T, which also verifies the distribution of
magnetic field lines in FIG. 5 and the correctness of the above analysis.

(2) Magnetic induction analysis of magnetic blocks with different relative permeability

Respectively choosing relative permeability is including,μr=2,10,200,400,800,1500,2000,2500 different material as
permeability blocks is studied, the result is shown in figure 6(a), GMM rod axis to the magnetic induction intensity and
permeability of material permeability increases with the strain of big trend, when relative permeability increased to more
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than 200. The value of axial magnetic induction in GMM rod changes slowly with the increasing velocity of
permeability. According to formula (4), the magnetic field unevenness generated by the above magnetic block is
calculated respectively, as shown in Figure 6(b). When the relative permeability of the magnetic block is 2, the axial
magnetic induction intensity in the GMM bar is still extremely uneven, reaching 49.77%.When the permeability reaches
more than 800, the unevenness tends to be stable, almost does not change with the increase of the permeability, so
choose the relative permeability of 2000, easy to process and cheap industrial pure iron as the magnetic block, GMM rod
axial magnetic field unevenness of 10.98%.

(a) (b)

Figure 6.(a)Axial magnetic induction intensity of GMM bar with different permeability blocks . (b)Axial magnetic field
unevenness of GMM bar with different materials.

(3) Influence of permanent magnet length on axial magnetic field uniformity of GMM rod

Taking the original length of 40mm shown in Figure 7 (c) as reference, the unevenness of the axial magnetic field in the
GMM rod at the length of 32mm, 36mm and 44mm was discussed respectively. The results are shown in Figure 7 (a), (b)
and (d).When the permanent magnet is smaller than 40mm, high permeability magnetic blocks with thickness of 2mm
and 4mm are added to both ends of the permanent magnet. When the axial length of permanent magnet is greater than
40mm, the magnetic conductive block should be extended at both ends of the GMM rod for the purpose of reducing
magnetic leakage in the magnetic circuit and increasing magnetic induction intensity.

(a) (b)

(c) (d)

Figure 7. (a) Permanent magnet with 32mm length, (b) Permanent magnet with 36mm length,(c) Permanent magnet with
40mm length ,(d) Permanent magnet with 44mm length
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Combined with FIG. 7 and FIG. 8(a), the length of permanent magnet has a significant influence on the axial magnetic
field in the GMM rod. When the length is less than 36mm, the magnetic induction intensity at both ends of the GMM rod
is less than the center, and when the length is greater than 36mm, the magnetic induction intensity at both ends is greater
than the center.FIG. 8 (b) shows the transformation trend of specific non-uniformity, in which the minimum value is
6.89% when the length is 36mm and the maximum non-uniformity is 32.36% when the length is 44mm. Therefore, it can
be determined that the optimal length of permanent magnet is 36mm.

(a) (b)

Figure 8. (a)Axial magnetic induction values in GMM rods of permanent magnets of different lengths,(b)Axial magnetic field
unevenness of GMM rod with different permanent magnet lengths

3.2 Comparative analysis of transducer magnetic circuit optimization

Figure 9 (a) shows the overall optimized distribution of the transducer's bias magnetic field. Compared with the
non-optimized state in Figure 5 (b), most of the magnetic induction lines generated by the permanent magnet enter the
GMM rod through the magnetic conductive block, and the magnetic leakage is significantly reduced. The magnetic
induction lines are evenly distributed at both ends of the GMM rod and the center point.Figure 9(b) shows the
comparison curve before and after optimization. Before optimization, the magnetic field unevenness is 66.72%, and the
mean magnetic induction intensity is 0.272T.After optimization, the non-uniformity is 6.89% and the mean magnetic
induction intensity is 0.356T. The magnetic field uniformity and magnetic induction intensity were increased by 59.83%
and 0.084T, respectively, and the two optimization indexes were improved.

（a） （b）

Figure 9. (a)Distribution of magnetic induction lines after optimization.(b) Comparison of axial magnetic induction intensity
between optimized and original GMM rod.

4. CONCLUSION
In this paper, the characteristics of two magnetostrictive ultrasonic guided wave transducers with different biased
magnetic field structures are compared. Based on the magnetostrictive theory under static magnetic field, the finite
element software is used to conduct simulation research on the magnetostrictive ultrasonic guided wave transducers, and
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the optimal biased magnetic field structure form is selected by numerical comparison of specific magnetic induction
intensity and non-uniformity. The non-ferromagnetic material is determined as the transducer shell.The influence of the
magnetic block on the overall magnetic induction line distribution of the transducer was studied. The variation trend of
the axial magnetic field uniformity of the GMM bar with different permeability of the magnetic block was analyzed, and
the material and arrangement of the magnetic block were determined. The axial magnetic field ununiformity of the
GMM bar was reduced to 10.98%.By changing the axial length of permanent magnet, the optimal structural size of
permanent magnet is determined to be 36mm, and the magnetic field non-uniformity is further reduced to 6.89%, while
the average magnetic field intensity is also increased by 0.084T, which verifies the effectiveness of this experiment.
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