W45 % 6 2/ M Fx % W Vol. 45 No. 6
2024 4E 6 A Chinese Journal of Scientific Instrument Jun. 2024

DOLI: 10. 19650/]j. cnki. cjsi. J2412557

£ 5 SH H — K89 Halbach B 51 #e AL B3R 55 °

Mk BARAT KM TR E OMS EEME!
(1. WL KA Y B2 T AR SRS Bl 2A 2B B 310027 2. WivL KAHLR TAE 4B BT 310027,
3 PR (B EE IR AIAARA R kM 221008)

& E e BAE R RIIESERACT Sl AR R R MR, B T R SRR I 5K BT Y (SH) Bk — 1A 1
Halbach [:41] A 88 P 40 RE RS , AE N BEIAFRG S50 T, ] (] B S A IR0 SHO B3 308 49 98000 , Sife L w8 RS B2 2 A I JRE 0 X el e
FEHEATIRE . 3807 B0 RETR RN BB HEAD 25 M EAT T AR S Ak, B TORALAE RN T e T4 Re 28R A , 41%F SH 4
A FIRE P T RE A3 I T 90801 6, 9040 45 R AR W A8 2 AR 08 A RO UIPRG B RSE K F 35 mmx 10 mmx20 mm f 6k
B [, A8 DU PR A - 38R 25 /INF 1. 2% o ISR S 1 B P PRI oS0 JE 2 5 T B v A S SHL D BE 1y AR £
P PRI T R AR AT IR T RETE , BLA RAF A TV N T

KA . B A AIAERS LB AL ; Halbach 51 ;75 005 ; dole 563 A6 0

hE 4 #S: TB553 TG115.28 THS78 XERARIRAD: A E HRAREZR LN 460. 4020

Research on Halbach array transducer integrating shear wave and SH wave
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Abstract: To address the inefficiencies of ultrasonic bulk wave thickness measurement and insufficient quantitative capability of guided
wave detection, a Halbach array electromagnetic ultrasonic transducer integrating shear wave and shear horizontal (SH) guided wave is
proposed for metal plate detection. It has the ability to excite both shear-wave and SHO guided wave without increasing the dimension of
the transducer, which combines the functions of high-precision fixed-point thickness measurement and regional defect detection. The
transducer prototype was modeled and optimized for magnet array and coil arrangement through finite element simulation, followed by
manufacturing and assembly based on the optimized results. Experimental platforms were established for SH wave detection and shear
wave thickness measurement function respectively. The experimental results show that the transducer can effectively identify the echoes
caused by the iron block adhering to the sample when the size of the block is larger than 35 mmX 10 mmx20 mm, and the average
thickness measurement error is less than 1.2%. This study combines the deep penetration and high accuracy of ultrasonic bulk wave
point thickness measurement with the long-range, non-dispersive scanning capability of SH waves, thereby enhancing the transducer’s
detection efficiency and functionality. The transducer shows significant potential for industrial applications.
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Fig. 1 Schematic diagram of excitation based on Lorentz

force principle
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Fig.5 Phase and group velocity dispersion curve of SH wave
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Fig. 8 Geometric parameter analysis diagram of transducer
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B FIRMTFEE S W, 1 H, BT HTC
Ui W s, 1R S% F MK, R X
R, =W/(W+s,)=W/(0.51) , BI 354k 56 B 5 2 % K
Fefl, T sy B E R, A H BYHUE

FIFH COMSOL 5. 6 7 = 44y HAR AL A AR 52 &
WE 10 s, B4 LA R SF A 450 mmx 300 mm x5 mm,
TR D] A 300 AT B R AT R S B DAk 0 B S S
[l 35 Xof 45 L 445 SR B ]

__Halbach 31
/.fﬁ’ﬂglﬁﬂiﬁ&% JE AL B X 35
/‘/ \\\\ZZ W
\.%_,/! \\\\\\ \\-4\
\\ -

W,

5 mm

K10 REERSEAL s AR

Fig. 10 Simulation model for magnet parameter optimization



% 6 1

Rk de 45 BRI S SH I —{K Y Halbach [4:5 # RERSHTT 279

T COMSOL = 4 A FR 0 {5 T v ) e off 6 1) B
TH 2R B LA ALY 43 BB AN [ ) 2 A R b 39 4 A8
RUTHR I ) RO T H B AL N AE B 5 R, B0 422 3 R Y
) 22 I ASE B Sfe X 0 36 2% Pl AT — 2 O fRT AL S AR
U ZARERIC 1 S W IS () £ B L ART HEA | T8 AT 2% 1418
MTARON PR 350 45 4 B v i SR SR B 4, (HLE FH T4 X
BRBH T ELATSE, I AE COMSOL Hh 421 2 412 I
P E MBS 2 MR

X} F Halbach B4 31 7K 4 44% , 4 BRI SC i 36 5 1) S 54
P I LT 25 4, L RE AR MRS 5 B H BT 15 mm,
TR S 4 A iR PR 1 1 mm, X
T S, v AR KT 4 i 2B LA DR 25 R 1
HERRE , [R) I IR R 23 SO R 3800 10 S/m LIS fin e AU K fig
WS, MR R RSB B IR 1 TR, U5 B
KBHGNF R E IR 2 PR,

®1 WRMEEESH

Table 1 Physical property parameters of materials

B 23 IS £ 18 RIS
W KBt/ GPa - - - 210
EE/N A - - - 0. 289
B/ (grem™) - - - 7.82
HSH/(S-m™") 10 7.14x10°  6x107  6.44x10°
A 5% 1 - 1 2419
ol s A/ T - 1.44 - _

x2 ZHEEHESHSOREY
Table 2 Parameters and boundary conditions of 3D

frequency domain simulation

SRR [ERESi kA AT
B/ kHz 161
ES P B LR Bl L
PR HeREAS T i X
TRE S 5t T A P ] R A T
o s S Ay T DU R
HeREAS T IR P i K B IT/ mm 0.8
T AR A S R L IE/ mm 2
o A B K BTG I 1.5

SER R BEE T A R, WCE S EUE A, TS
70.2~0.8, 20K K 0.1, FELE E MK 161 kHz N iaf7i
W E . SPERAELRET T 200 mm Ab 30 mmx30 mm FETE
XN S B4 07 B VR M H8 b, 25 SR an e 11 (a) FIios, 75
0.2~0. 8 JEEN,BEH R, 38K, HIR XSO A5
BORFN, 2 R, %5 T 0.5 BF, B AR XIS 07 B 38 2

R Ry, BIMEIEICK 0.5, FIH F 3R 0 FLAL R
E5E Ry 0.5, % H BE Z 80 A6, 13458 B ol
5~30 mm KN 5, HARXECF AR SR 11(b) ,
TEIZ G BT RN, BB 55 P ARG, FUAR X 2 R R AN
WP s S IR AN TR/ R R S mm, B AR X H0F
YIRS 43 i $E R 19. 7% 3. 7% 0. 9% 0. 3% F10. 1% , 4
i BE I 20 mm Ji5, FAR DX 2078 B3 I 2/ T
1% , PRI, 2545 25 18 SH I e T 1) 51 J32 01 488 BE 2% Y /R B
Vet 20 mm VENBERIE SRS, UL, REBRA0 20 AR G
JUMTSEE 8, 2t 11 A4S, an sl 12 s, g
RWRZ Y 25 3 (20 mm ) R AL H s o

%1078
g 747
£
"ot
B
B
®70r
5
6.8+
g )
ook
) 6.6
g
6.4 - : : !
0.2 0.3 0.4 0.5 0.6 0.7 0.8
R,
(@) R, 5 HAR KRR 77 R X
(a) The relation between R, and the root
mean square of displacement in the target region
%10°%
£74
E
@ 7.2
]70
®6.8
Re6
7
RN64
%6.2
llﬁ 6.0
m5.8 . . ]
5 10 15 20 25 30
H/mm
(b) H5 HAR K IBRAL BT MK R
(b) The relation between H and the root mean
square of displacement in the target region
B RPRE RS O RE RS PERE B 520
Fig. 11 The influence of two magnet parameters on the

performance of the transducer
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Fig. 15  Circuit physical field nodes connection diagram
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Table 3 Parameters and boundary conditions of the

simulation model for race track coil
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Fig. 17  Optimization simulation model for symmetrical

foldback coil
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Table 4 Parameters and boundary conditions of the

simulation model for symmetrical foldback coil
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Fig. 18 The x component of the displacement of the

particle on sample surface
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displacement generated by symmetrical foldback coil
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Fig. 21  Physical figure of the experimental platform

for SH wave detection
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Table S Geometric parameters of the iron blocks

glued to the surface of the sample

Btk s K /mm BB/ mm {7/ mm
1 30 5 10
2 35 10 20
3 35 20 10
4 85 20 10
5 110 20 10
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Fig.22  Schematic diagram of the placement of the iron

block and the transducer
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Table 6 Statistical results of thickness measurement error
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R WA RE A AR 0 D00 J5E ) RE A A%k, ELAS: D RS B2 T Ll
AR TAL 7K

4 # i

BN 4 J ARUBE P AN R AR AR T S A
REIAS SR AIRIE AR SCRE R 1 —Fh T B EMAT 254835231,
AT LATEA B I EMAT AR R 2544 T, [] Ao 55 B0 A 35t
SHO B 35 AYURN , H ve R 132 5 e 00 JE2 R0 Xl ke o 1
A PRGN 7 3, AR E A

BIFFER I Halbach RE(AR 91 1 B 2 Ve 1 Dy AR 4
Hay, I 7 L0 Rl A Rk Bl AT T S A, i T
EMAT J5U8 JF51 X PRSI S REREAT 1 5200, SEgnss
HRARH, % EMAT R 6% A7 &4 UG Bk e R~F R T
35 mmx 10 mmx20 mm ARG FIE RS YR 24 /8
T 12% B RINE S A R8T, AL T A 1Y 45
REAR LT A SCHE 1 1 EMAT S28 T ohRetELiL, 556 T
P A I JEE 2 A 5 AR 1 A S SHO B0 1K
PR ARSI BORIE S, IR T 1 8 BE & A R 2%
AFRetE , BA BAT 0 Tl W o

UHTFFAFAE—E WY R IR ZEA BRIT O B B,
ZRACTI T AR bR AR X8 Ry 58— 725 SRR 58 P o
Ak 2z ki AR | DA 4 TR b T 5 00 A 48 B 45 1) P
Gior Akt . MeAh A SO ST 25T X 4 JE A A
TEARI AR AT DL XA [ A 5 |52 At 3 i il
AR Z2 Rl b O 58 AL R JF 9T, AT i — 20 9 K de g
s BRI 7 9 R, 2 T RE A% 72 AN R TAE 5% T Y
PERE
Sk
[ 1] /5,5, A0, 55, R =R B AR I & R | i

ASHER[T]. HRsh. Wil 512 Wr,2024,44(1) . 1-10,

193.

LU CH, GUO W, SHI W Z, et al. Development,
application and challenge of high temperature acoustic
[J].
Measurement & Diagnosis, 2024, 44(1) . 1-10,193.

testing  technology Journal  of  Vibration,

(2]

(3]

[4]

(5]

(6]

[7]

(8]

(9]

[10]

W AR, O 22U ARSI, AR A SO 40N XA
IR AR ST [ T]. P TR %4, 2014,50(8)
17-22.

ZENG J W, SU L H, XU L P, et al. Research on the
stress measurement of steel plate based on inverse

magnetostrictive effect [ J ]. Journal of Mechanical

Engineering, 2014, 50(8) . 17-22.

TG, BERAE XA TEAR Y ik T E B T 450 46 I 4
AR[J]. TCHREM 2009,31(5) :377-380,401.

YANG P, HUANG S L, ZHAO W. Nondestructive
testing techniques for the wall of tank in service [ J].
Nondestructive Testing, 2009, 31(5) ; 377-380,401.
N (RN 7 ) R Rl R WA i A ol A
MLI]. METAR,2014,33(9) :19-20.

LI ZH G. On application of magnetic powder detection in
the pressure vessel inspection[ J]. Value Engineering,
2014, 33(9) . 19-20.

DWIVEDI S K, VISHWAKARMA M, SONI P A.
Advances and researches on non destructive testing: A
review[ J]. Materials Today: Proceedings. 2018, 5(2):
3690-3698.

VR B ORI A I 7 12 K T 20 e
FE[J]. HUbEHIEE S A shik,2012,41(02) :72-74,88.
XU Y CH, GENG Y J. Ultrasonic testing for thin plate
under 4 mm [ J].
2012, 41(02) ; 72-74,88.

SRR X, B E O, A IR SR GG BIC 2R SR AR F R
HAHAE SR P AL [J]. T EIR, 2024,50(2)
91-99.

ZHANG ] J, LIU M, JIA G P, et al. Optimal design of

Machine Building & Automation,

line-focusing EMAT based on orthogonal test theory[ J].
China Measurement & Test, 2024, 50(2) : 91-99.
ZHANG J J, LIU M, JIA X J, et al. Numerical study
and optimal design of the butterfly coil EMAT for signal
amplitude enhancement [ J ]. Sensors, 2022,22 (13):
4985-5000.

WANG J F, LU ZH SH, SUN Y H, et al. Research on
sector scanning imaging technology of EMAT for through-
hole defects in aluminium plates [ J ]. Nondestructive
Testing and Evaluation, 2024 .1-23.
ASCPE BRA SR, SR TR A A I Sk T
R Wy 3k B 58 [ J/0L ], LB TR 4 iz, 1413
[ 2024-05-10 ]. http://kns. cnki. net/kcms/detail/11.
2187. TH. 20240305. 1500. 004. himl.



286 & f A & ¥ M $45 %
SHI W Z, SHAO W S, LU CH, et al. Study on coil-only Ferroelectrics and Frequency Control, 2011, 58 (12) .
electromagnetic ultrasonic testing method for high- 2571-2581.
temperature aluminum alloy [ J/OL ]. Journal of [18] LIU Y, WU B, ZHANG J, et al. Excitation of odd
Mechanical Engineering, 1-13 [ 2024-05-10 ]. http:// harmonics of SHO mode ultrasonic guided waves using
kns. cnki. net/kcms/detail/11. 2187. TH. 20240305. magnetostriction-based EMAT ; Theoretical modeling[ J].
1500. 004. html. Research in Nondestructive Evaluation, 2024, 35(3):

[11] XIEY O, LIJ Y, HUANG P, et al. A novel design of 119-144.
window function modulated meander-line-coils EMATSs for [19] DEMMA A, CAWLEY P, LOWE M, et al. The
unidirectional Rayleigh waves generation and sidelobes reflection of the fundamental torsional mode from cracks
suppression| J]. NDT & E International, 2021, 123 and notches in pipes[ J]. The Journal of the Acoustical
102501-102511. Society of America, 2003, 114(2) . 611-625.

[12] ZHANG Y H, LIU W L, LI N, et al. Design of a new [20] WANG SHJ, MAZ]J, LIY Q, et al. 3-D simulation for
type of omnidirectional shear-horizontal EMAT by the use the acoustic field directivity of SH-wave EMATs [ C].
of half-ring magnets and PCB technology [ J ]. 2017 IEEE Far East NDT New Technology & Application
Ultrasonics, 2021, 115; 106465-106472. Forum (FENDT), 2017, 187-191.

[13] ZHANG H, YIN X, MA L, et al. Excitation [21] RIBICHINI R, NAGY P B, OGI H. The impact of
characteristics of circumferential SH guided waves in steel magnetostriction on the transduction of normal bias field
pipes generated by EMATs with few-cycle PPM [ J]. EMATs[J]. NDT & E International, 2012,51; 8-15.
Ultrasonics, 2024 107271. [22] VASILE C F, THOMPSON R B. Excitation of

[14] faffss BT, B9, %%, B SRR AR W &R horizontally polarized shear elastic waves by electro-
NS 1], XA L2, 2016,37(8) - 1713- magnetic  transducers ~ with  periodic  permanent
1735. magnets| J]. Journal of Applied Physics, 1979, 50(4) .
HE C F, ZHENG M F, LYU Y, et al. Development, 2583-2588.
applications and challenges in ultrasonic guided waves [23] HIRAO M, OGI H. An SH-wave EMAT technique for
testing technology [ J ]. Chinese Journal of Scientific gas pipeline inspection [ ] ]. NDT&E International,
Instrument, 2016, 37(8) . 1713-1735. 1999,32(3) . 127-132.

[15]  JERRNE, PNILVE kM6, 25, MRS S &N T — [24] OGI H, GODA E, HIRAO M. Increase of efficiency of
AP 5 A 2 HE R FR A I e A E 5T [J1]. A 2 magnetostriction ~ SH-wave  electromagnetic  acoustic
4%,2020,41(9) :98-109. transducer by angled bias field: Piezomagnetic theory and
TANG ZH F, SUN X T, ZHANG P F, et al. Research measurement| J ]. Japanese Journal of Applied Physics,
on composite electromagnetic ultrasonic transducer 2003, 42(5B) : 3020-3024.
integrating thickness measurement and guided wave [25] ZIEZE MIFR, Har e, Hifl Halbach FEF 7K R HLHLIE
detection[ J]. Chinese Journal of Scientific Instrument, WM SeAe[ 1], WAL, 2017,45(11) 19-22.
2020, 41(9) . 98-109. LUO ZH H, LIU L, JING L B. Harmonic analysis and

[16] %*@,*ﬁlﬂﬁf,%ﬁﬁﬁ,% LB R T — R LB optimization of a novel halbach array permanent magnet

PR S AL BETT [ T]. G I, 2022,44(5) . motor[ J]. Small & Special Electrical Machines, 2017,
33-37. 45(11): 19-22.
CHEN Y B, YANG L J, GAO S W, et al. Optimal [26] SHANKAR S, BALASUBRAMANIAM K. Characterising
design of multi-channel integrated body-guided electro- the beam formation of SH waves using double-row
magnetic ultrasonic transducer [ J ]. Nondestructive Staggered Halbach EMAT configurations [ J]. NDT &E
Testing, 2022, 44(5) . 33-37. International , 2021,121; 102465-102475.

[17] RIBICHINI R, CEGLA F, NAGY P B, et al. Study and [27] ROSE J L, NAGY P B. Ultrasonic waves in solid

comparison of different EMAT configurations for SH wave

inspection [ J ]. ITEEE Transactions on Ultrasonics,

media[ J]. Journal of the Acoustical Society of America,

2000, 107(4) : 1807-1808.



% 6 1

ks 45 M5 SH — 1K Halbach P51 REARBIF 5T 287

[28] PETCHER P A, DIXON S. Mode mixing in shear
horizontal ultrasonic guided waves [ ] ]. Nondestructive
Testing and Evaluation, 2017, 32(2) . 113-132.

[29] 8L, A3CH, %, B ANERER LS SH

SN E BT IR (D). M AR, 2022,43(9)
735-748.
WU R, SHI W Z, LU CH, et al. Quantitative analysis
method for electromagnetic ultrasonic SH guided wave
detection of aerospace stainless steel sheet [ J]. Acta
Aeronautica et Astronautica Sinica, 2022, 43(9) . 735-
743.

[30] MA Q Z, JIAO J P, HU P, et al. Excitation and
detection of shear horizontal waves with electromagnetic
acoustic transducers for nondestructive testing  of

plates[ J].

2014, 27(2) . 428-436.

[31] MCMILLAN R, HAMPSON R, TABATABAEIPOUR M,

Chinese Journal of Mechanical Engineering,

et al. Design and manufacture of an optimised side-
shifted PPM EMAT array for use in mobile robotic
localisation[ J]. Sensors, 2023,23(4) . 2012-2029.
EEE T
PREE 22,2022 4FF U1 R A 7
B WL R A H S AR, BTy
5] B R AL I SRR AR

- E-mail ; luanchen@ zju. edu. cn
‘ x. Chen Lu’ an received his B.Sc. degree

from Sichuan University in 2022. He is

currently a master student at Zhejiang University. His main

research interests include intelligent sensing and detection

technology.

BRRTE Gl 1EE ), 1990 4F FHiL K
2ARATF AL, 1997 4F T Wi T K 22 3545
=270, 2000 4FF Wi TR 272 3R AF P+ 2%
AL, A LR A AU TR 2 B mI B2, 32
B 5 T 1) R WL H — A Ak B S HE A
AR,

E-mail ; lfzlfz@ zju. edu. cn

Lyu Fuzai ( Corresponding author) received his B. Sc. degree
in 1990 from Zhejiang University, received his M. Sc. degree in
1997 from Zhejiang University, and received his Ph. D. degree in
2000 from Zhejiang University. He is currently an associate
professor in Zhejiang University. His main research interests
include mechatronics and advanced detection technology.

BHE, 2001 AEF P E L RFIRAG
S, 2010 AR T o [ A IR (B ) 345
-2 07, 2023 AF FHff LR 2 AR A A2
AL, B 7 PO B DA (A M) 6 ARG 30 A 0 A R
ANFRIZH, E S R TR, F B FR Ty n)
PSEERA B> Scg LR (Rl
E-mail ; hanye02@ pipechina. com. cn

Han Ye received his B.Sc. degree in 2001 from China
University of Mining and Technology, received his M. Sc. degree
in 2011 from China University of Petroleum ( Beijing), and
received his Ph. D. degree in 2023 from Zhejiang University. He
is currently the deputy manager and professorate senior engineer
of Pipe China (Xuzhou) Pipeline Inspection Co. , Ltd. His main
research interests include special equipment inspection and

testing.



