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Linear array design of piezoelectric ultrasonic transducer for
sub-millimeter weld defect detection

Hu Zijian Sun Changhe Hei Chuang Luo Mingzhang Du Guofeng

(School of Electronic Information and Electrical Engineering, Yangtze University, Jingzhou 434023, China)

Abstract: Under the “double carbon” goal, steel structures are widely used in a variety of large-scale industrial fields. However, steel
structures are susceptible to various weld defects due to production process, environment and other factors during connection welding.
These defects reduce the stability and service life of the steel structure. Timely detection of defects is important for damage assessment
and repair. Aiming at the existing limitations of detecting weld defects in steel structures, it is difficult to balance the detection resolution
and detection range. A sixteen-channel high-resolution piezoelectric ultrasonic transducer linear array is designed. Firstly, the structure
of the piezoelectric ultrasonic transducer linear array is determined through the optimization of the theoretical model and the device is
fabricated. Secondly, in order to test the performance of the developed line array probe, the electrical impedance and ultrasonic
performance are tested. The test results show that the deviation between the theoretical design resonant frequency and the experimental
test results is less than 5%, and the average —6 dB relative bandwidth of each array element is 79. 33%. A broadband linear array probe
is successfully designed and developed through the design of acoustic impedance matching layers and wedges. Finally, the linear array
probe was used to detect and analyze three types of hole defects with internal diameters of 2 000, 1 000 and 500 pwm respectively in a
25 mm thick standard welded test block. The results show that all can be effectively identified and the detection resolution is better than
500 pm, providing technical support for the accurate detection and early warning of tiny defects in thick steel plate welds.
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piezoelectric ultrasonic transducer

AT I BR AR vh 22 ORI VI 7 ok B 5 e 7 AR
P Bt 17— AW g W Hepy A RHR 8k K- 4
WREE AL, TR s e b iy ml /s, 75 BT VE L2
S R HL G MR 5 R R] i — 2 R0 2 R S SR A
2o FEPHATVC D)2 AT 4 v P U e o 1 i s A 280 ik
JINFE AN [ ST A %) B SR AR, R B o 75 46 R 2SR
KPR BRI E SRR E e YR, I,
W B T IERE S A VL C 2, BT M RE R A
e BET , 7 BHATVC BCZ ) e BTN

Z,=217, (1)
Xz, .Z, . Z, 5350 0 BT C 22 | H, i o0 FAR Bk
R BHPT, MBS RE FH 2B 2K 205 ( Rexolite ) #4BF I B AY
PR SRR A A A R B AR 75 32980 (0. 3 dB/mm) FlH BH
PU(2.5 MRayl) . Frik Hl PZT-SH bR TR LA Z, K
30 MRayl, #4520 (1) AT RATH5E H VC e 2 0 3548 75 BH AT R



55 3

TR ) IV 25 K 2 A5 Sl o G0 F) s P 7 R RE A 2 P 8T =77 -

8. 66 MRayl, 5 MR FH 2 il (9 ik fb 259/ 34 W g 525 1 Kk
St il £ 7 BT UG AL 2, HoAs BB 294 8.3 MRayl, /v T
PZT-5H IR fg A1 )2 2 (8], 230 BRAR A BHATCVC FeqE

1.2 [EHRBEIREESEETIEMERL

T R A0 T AR R X S R # A0  PE R 43
T R PR Y O R R R 1
AU | RE AR R A R T R BB G Y S — i
LXK N = D> /4) I BERGE | I 3 IX A
K AFIFRM B b Bk T REA SO R AE R F 8
500 pm [ REGEBILEE 8875 G AR B 1AL R U v 24
S5 900 m/s , FHAR B ST ik g 22 [) ] LA 3 3] g /)N 1 B (1] [
FRZIH At =28/v~=0. 17 s, 1ZH} ] 8] f& AN A
R 5 B AR 2 B O TR B 0.6 A%, AT H R
P R BE AR LR 1 O ARG T 3. 52 MHz, FEIARQHE
B TT ARG D — 7 7 A I —BE AR RS A5 RN A ) v 4 )
FE ARSI | $8 S K I A 3 R 7 2 ~ 5 MHz, 24 K7
TSI 3 3 Bl S I A e EL AT 8 o D R B, SR A Y
AR, 25 iR, R T RESEEEXT 25 mm JEEJE A9 AR
TR R E R 500 pum F4 K4 SIS HERR RSN, 326 F 4 MHZ
YRR AR SO TR Bk 1 TAEARR

214 P HL R 7 8 B 2 B R Sk T AR 7 JE B 1 4 4k sl A =X
b, R IRAR £ SRR FICHRE RN .
1 ey (1-0")

f=5 p (1+05)(1 - 20%) (2)
s ¢ oo ok, ARk R I A O I R R A
FALE BB PLAERG R maX(2) Al R R i T
JELRE R 0. 73 mm, Ay T 3Bk G A% 1] {1 45 4R S A B T R B
AR IR SRR — Bk i H T o0 B B B T R B 1Y
TAELL L K R S OT R E R 10 mm,

1.3 [ERBERAESEMEIERES BT

J HL R PR R e AR R B T BT R AN E WS
B, AN SR R 7 [l B A 25 5 ] 55 TR Y
YA RIERE AR R AR AR LR Ak 1Y H AR N 32
TR TERE TH R SF I oA AR, 320 58 2 ¢ O
10 BT A e, MR L o SRR AR
FERTBIR A 6 o/A < 1, UZRRERFE 1)1k pR 8 H ()
CDEV P

sin( wNdsinf/\)

H(O) = N (wdsing/n) (3)
K. 0 N SRR T E DK R OT
(]

M H(O) =0 BN,

wNdsinf

A
X (4) ATHESH 6 = sin”' (mA/Nd) . & m=1 Fl

=mmw(m #0,m € 7) (4)

m=—1 JIXE L £ 3 Ay SR 0 A0 A 2 A D) A 5 R T
AR N
1 A . A

93=¥{51n (@) — sin (—@)} (5)

HI=(3) AT AR BN [F] Moo E B T R 45 1) P,
K2 i, P 2 TS N=4 8 I LR RASCR A 2
R ORE ST . WA FESTEC E R0, 6 1] R KO e 2 4
Th, EREvEE A PR AR Py, = (5) A, B
JUECH R Z | PG IR) PR K F B A, B ARIA B AR
SRBIE At RAFIERE , MR PESI B TE 8~32 Z 1) fH
e AR R P TR 2 X0 R BHRE RS A RS2 ), ok
R TR H S BN 8 AR | A e 2555 2 A I 4 b ik
P L R AR R AR ZE PR TR H M 16,

1.0r
/. * N=4
. e N=
09+t K S Nes
N=16
At N — N=32
07 ——N=64

(B
80 60 40 20 0 20 40 60 80
e fa/(%)

P2 AT R e I A R A P 4
Fig.2 Beam directivity patterns for

different array element numbers

bR T BEooEH LIS, BT R BE 2 — MR B S
B, 437 HERE A SR 43 A0 FIR B, S 3 1Y) [ G [
WP TR L HERE 1) — D FEZ Iy 1], X F ¥ 5 2B HE
B, R T IR S I R A e LR R MR OT R B 5 R D K
T2l L (6) KR,

A N-1
"1+ sinf. N (6)

MR (6) A2 <d, < A, BDYEICHEENT
/2 BF AP o o ] B A 5 i) = R ) o
P2, B To B B3 s, F2 0 00 58 8 A8 %5, O T IH bR
SRR A [T R T B i 2 R R A 1) o B T
W G () 1 R 305 2 /N T, WEOKS R R P 5 BB 4 4 )
BESE M 0.5 mm,

25 LR 38 A S B AT, S 0 R R R
RS MR S5 R 1R 1T e i JE 2R 0. 73 mm, BT
[EFE4 0.5 mm, FEICKEN 10 mm, [FEICECH M 16,

&1 3 JT 73 S ZEHE Sk P {2 43 ) A ] A FL e
FEHRE AR L I, Horh 16 BRI R T 16 ST 1Y 3E




- 78 - LSRR R e o

39 &

A AR A5 1 A AR
[T

@
&
X
S
et

(a) RATBEHEIER K (b) HARBRIER K
(a) Probe without wedge (b) Probe with wedge

(c) R (VI waviiibi-pus: 2
(c) Wedge (d) Sixteen-channel connector
K3 JF AR S
Fig.3  Actual picture of piezoelectric

ultrasonic transducer line array

75
—e— [T | = [ 759
—o— [ TT2 —e— [ TE10
70 F e [ FE3 e [ETE 11
—v— T4 —— 612
e [ TCS = [ TG 13
65 —— Figi6—— it 14
> BETET ——ETT1S
S 6ok —a W T8 — — P TE16
55t ONs
50
45t
40 L— 1 1 | 1 ) . )
36 38 40 42 44 46 48 50
PF/MHZ
(a) SR BBt 2%
(a) Frequency impedance curve
4.8
SRS 4.1631 MHz
FRAER32: 0.046 4 MHz
4.4

12345678910111213141516
T i
(c) - METLIEIRIZR A

(¢) The distribution of resonant

frequencies of each array element

2 [ERBERBESR &R NIK

2.1 ERBEHRAEEE &M B MERNK

K FHBE T 23 Hr AL LCR-8110G ( [ 25 ¥, 147 BR A w] )
I e FE, 7P 8 B i 4 B BELPT A LS R, L 4
TN TR I BEBT A A | DA P AT 2 R 7 4
REAREZEME T 16 D FEC A — B BEPTIE iR Fe M, 16 4
M IC I SRR £ N 4. 163 1 MHz, S5 HHE R
(4 MHz) X} bt , JF HiL 6 75 46 BE 40 42 R 3k 1) T AR 005 Ml
Z/INTF 5%, IBTRIFbRAE R 22 J AT 0. 046 4 MHz, P34
TEHRIE £, A 4. 5859 MHz, F LR S RE K, N

by= [ ”'f_zf‘ (7)

M0 (7) TR by, R 0.419 4, &5 R HHL
P 4G BE e A MR AR BB ARG, IAIET 5 AN
JEHL AR RS D 16 A BETTA AT — U BT
PRAFVE, 16 A FETTH - EIE IR £, O 4.221 2 MHz, 1

60
65 F
6 =70 F
% V501 —— 70
-75+ —o— [ T2 —e—[EIE10
—A— [ 763 —o— [ETT11
—v— [ 64 —o—FEIE12
80 —— 65 ——[ET13
OV L —4— 66 —x— FETT14
—>— [ 567 ——FEITIS
—o— 8 ——FEit16
-85 1 L
35 4.0 4.5 5.0
$iFE/MHz
(b) B AL th 2%
(b) Frequency phase curve
4.8

P I HRATER: 4.585 9 MHz

i /MHz

1234567 8910111213141516
R T4
(d) R 76 S ViR S 38 43 A1
(d) The distribution of anti-resonant
frequencies of each array element

K4 U R BERT A M TR BT A RELET ARG

Fig. 4 Impedance and phase spectra of piezoelectric ultrasonic transducer line array without wedge



55 TE 111 . 25 A 5 A 0 B o A DO 1) s b 75 8 R e kP s 1 =79 -
75 ¢
S — 00T s i
o [ TE 2 [T 10 —o— 752 —e—[ET10
70 e P TE 3o [T 11 —A— 753 —e— 11
e [ TE A [ TT 12 65 L —v— [gt4 —o—FETTI2
65 F +— BTG S—— [ T 13 - —o—[fyEs ——FEt13
e B TC 6 [T 14 —a—[ETT6 —*—FEt14
> B G T—— B TT15 —>— e —— FIE15
S 60t —e— T8 — FETE16 T o | —oHEs ——Fis
= : =
B 551 =
et S5 F
sor T
Sr -80 [
40 L L L I
36 38 40 42 44 46 48 50 35 4.0 4.5 5.0
ﬁ*/MHZ ﬁ%/MHZ
(a) SR BH B H 2% (b) B AL th 2%
(a) Frequency impedance curve (b) Frequency phase curve
4.8 4.8

PRSI 4.221 2 MHZ
KRR 2E: 0.63 9 MHz

1234567 8910111213141516
[T R
(c) & B TCIEIRPE > A
(c) The distribution of resonant
frequencies of each array element

¥ I RATER: 4.554 5 MHz

12345678910111213141516
K e 5
(d) - B 0 S W R SR 43 A

(d) The distribution of anti-resonant

frequencies of each array element

5 JRHLE AR RE AR A T BB ARRL A

Fig.5 Impedance and phase spectrum of piezoelectric ultrasonic transducer line array with wedge

PRI R ME 22 R 0. 063 9 MHz, F-2 SIS HRE £, h
4.554 5 MHz, A7 LA & B8k, D9 0.375 5, 5T0HE
YU W BET AH AL A5 1% 00 3 B0 %o b AT R, I AR
RHPTIR P 282845 V30, U IIZ A Sk fE R B () VE R b
o R R AR A R A SRR,
2.2 [EHBEREESEEEEEENIR

ST HE— 25 W ) R R PR R R A AR P Y
B ERE R 5072PR ik b & AR B AR AT R 75 T
B, AEME P R N 20 mm 1Y Rexolite {2
b A5 s [ ik, 25 R LA T 8 R, T LU
BN ALY J5 T R 7 e BB A 2 P R Sk B WSO 7R
Jok i 1m0 3845 5 W 1 6 (a) BT, Il 38 ok o 5 252 I [R] 2
0.8 s, W% AL R WE(E 242 350 mV, X B 35 1] %
JBk A7 5 e T B A AT PR L AR e 5] 6 (b)
FrR . HE 6 (c) Al A, ¥t 446 3089 MHz,
I 6(d) il %, -6 dB A Xt 587 YAk 79.33%,
Uk B 3 Ao 7 BH T DC B AR B i R T T T 5
A 2R B Sk

3 WiEEENIREE R S5i1TiE

T 250 e H R R e R 2k R A MR HE
TR AR R SR I R G & an s 7 s, Hi
A TEARGI GHEIL(PC) fFoRERGH M.k
FL R P 4 BB AR A PR S RS FE S 25 mm ORISR, Ry
T RE AT L A I H P P 8 B A I 1 I 2 K 4 B
T 3 FIAS R R A AL BB bR I BB R 430
5001 000 LA K 2 000 wm, T 8 7R .

& 9 FIER AIZIR S 43 BRI 3 AR R RRAE RS DA &
TCHRFE AR RS AR 5, AT X6 G Bk o o o 1B 1) %of
LESCEs AT, Y ESk A o B 7 i, ek
TR AV F T 37 5 2 v R RIS T 4R U5 S S (R 1Y
RS AR o T 2 8 Sk 5 4 20 LR B A B, AN
WSOV T S 3 T8 A, A BH S 9 3 AL sl o Tl 08 £
5o AR 2 I IR Sk RRAR L MR I AR fiE R SF 2k 2 000
1 000,500 pm PR, TIE B IZ A5 Sk BE A 50K I 0 22 K 2%
S B HAGIN 3 BERAL T 500 wm,



- 80 - B IR SRR R

39 &

A E/V

12.6 134 l4l.2 15.0 15.8
i 1) /s
(a) Jikh [0 45 5

(a) Pulse echo signal

R LR 3.89 MHZ

12345678 910111213141516

[ 9% 45k /B

0 1.6 32 4.8 6.4
FiFE/MHz
(b) Fik
(b) Spectrum

T 55:79.33%

-6 dBHIXTHE B8 /%

1234567 8910111213141516

K a4 5 K a4 5
(OF:4 IV & Tigi (d) % K 75-6 dBAHX 7 5 44

(c) The distribution of the center
frequencies of each array element

(d) The distribution of -6 dB relative
bandwidth of each array element

Ko s Bk RS S 25 BT i O iR oA Je—6 dB AR 5870 A1
Fig. 6  Ultrasonic pulse echo signal and spectrum, center frequency distribution of
each array and —6 dB relative bandwidth distribution
ORI, SRS AIEREK Y 16 A 1 RE RS A RCR T
500 wm FEAE RSB

(a) 500 umL Ak e b A S B
(a) Standard physical picture of 500 um hole defect

_

K7 b R i S B R S i . 100 mm
Fig. 7 Experimental test system platform for

testing standard test blocks

P10 T/ R0 591 SR FH F rL P 46 B 7 2 3k vh
19 16 ABE TR AR E R N FBAEIE R SF 24 500 wm (1441
BB A T A5 5, 16 A~ B4 0 31 FL 5l g3 A4 o 107 BB 25 R
TR AT AN H R 3 AN FLERFE T R Y R A 34

(b) 1 000 pmFLER FE F7 o 324 B
(b) Standard physical picture of 1 000 pm hole defect



55 5 ] TR ) IV 25 K 2 A5 Sl o G0 F) s P 7 R RE A 2 P 8T

.- 81 -

(c) 2 000 pmFLEREA IR AE LR
(c) Standard physical picture of 2 000 pum hole defect

8 AR
Fig. 8 Physical picture of standard test block

100 pyr

% i, #_.ummm—%ﬁkl‘ﬁ
i

0 L‘*x."!.w.ﬁu .o P "

50 100 150 200 250 300

< 100
= LB —— 500 pm B4
= SOf
'
ﬁ 50 100 150 200 250 300
42 100
f§ % l‘ ——— 1000 pm#kfg  LEE
0
50 100 150 200 250 300
100 2000 pmkHH
50 hp |« o l \ﬂnm

’ e S b o Lot JLIILJ‘,L,E,E\. s

50 100 150 200 250 300
M F/mm
E9 3 FRRIERAE R T BB (5

Fig. 9 Defect echo signals of three different feature sizes

4 & B

-

BT BHAT S R DA TR e B A I 77 A X LA
05 B AR I 0 PT84 R BIR , AR 1 5 BEE BE IR 1
— AT 25 mm LA E TR AR A SR A Y 7N e
TE T L R AR AR AR B, T BB OU AT T H
FRBEAR A Mk 0 FERE T it BT 75 P B A,
TR SR W PR BT A PR3 15 S 6 I 3 2 R B 2
INT 5% A BEITHI -6 dB ARXIHF S E R 79. 33% , 1t
Wt b P BELAC DG I 2 AR BRIl BB A i i A
MRS o SR HTBIE ] A J Fi ol P 5 0 2 P S B 1 %
25 mm J5JEE AR 1 B M 22 XK 20 001 st e 1 o 4 ARG A
I3 BEAAET 500 pm , 5 H0 AR KR S - 41 ke o 48 At A 0
L UEARPER R 34 . PRk 16 AN o0 ] 4 a7 sk
B AR B SE T AR Al VR 5 e Tl A S REAS , AT UG

[R5 5 AR AR %

100 _—
Soi h —— JEiE1

0
50 100 150 200 250
100
i
" MM =
0 ;
50 100 150 200 250
100 —
— IHiE3
50
0

50 100 150 200 250

JEiE4

100 g
sof |,
0 oy D W VWYLV LA WD

50 100 150 200 250
100 i
s
0
50 100 150 200 250
v ﬁ JEiE6
50
0
50 100 150 200 250

100 i
50 [ E m !
0

50 100 150 200 250
100

50 ' H — S
0

50 100 150 200 250

1% h JEIHE9
50
0

50 100 150 200 250

100 s
50 H \ n—ﬁlﬁlo
0

50 100 150 200 250

v C—ﬁiﬁl
50 ]
0

50 100 150 200 250
100

LN Y .
50 H — 12
0

50 100 150 200 250

10 —— iHiE13
o ' 13
0

50 100 150 200 250

100
F ’ — AT

50

0

50 100 150 200 250

WW? D TP
50
0

50 100 150 200 250

100 5T
SOE? —— J@iE16
0

50 100 150 200 250
X7 2 /mm

B10 ANl iE el (e
Fig. 10 16-channel echo signal




- 82 .

LSRR R e o

539 &

A BAZE R M P A R B, 22 BRI AR I Rl A S A

R P R

LTRSS & Z R R A9 07 3 A ik —

AP R R
&% 3k

(1]

(2]

[3]

[4]

[5]

[6]

(7]

[8]

REBRA. AR R A P AR A AU I AR [ ]
5 €48 ,2020(6) :294-295.

ZENG CH X Analysis on ultrasonic nondestructive testing of
welding quality [ J]. World Nonferrous Metals, 2020(6) :
294-295.

iR, PRGN SIS KR TCA SN P R I ).
o [l BT RHE, 2024 7) £ 118-120.

LU M. Application of ultrasonic testing in non-destructive
testing of welds of building steel structures [ J]. China
High-Tech,2024(7) :118-120.

RIS, S TR A KA A L N AR I b [0 ]
TCARKEIN 2024 ,46(6) :89-94.

LI H P. Data analysis of internal inspection of a long-
distance pipeline based
detection [ J]. Nondestructive Testing, 2024, 46(6):
89-94.

LHO T J. A study on the development of diagnosing

on magnetic flux leakage

system of defects on surface of inner overlay welding of
long pipes using liquid penetrant test[ J]. Journal of the
Korea Academia-Industrial Cooperation Society, 2018,
19(10) : 121-127.

XU, SR TC. BT X I 2k KGR A0 AR 22 I 2% 1) A1
TN A AR A R B A I S U [T ] AR A R AR
2018,39(4) :247-256.

LIU H, GUO R Y. Detection and recognition of weld
defects in oil pipeline steel based on X-ray images and
convolutional neural network [ J]. Chinese Journal of
Scientific Instrument, 2018, 39(4) . 247-256.

R AR, EE TS CHLZ )26 R O B
ARSI PO 5 R 38 AR Sk O EC B [0 ] T S5 4
#8274, 2024 ,38(5) :178-187.

XU H, BAO J, HUANG G Y, et al. Simulation design
of a novel eddy current probe for defect detection in
multi-layer metal riveted structures of aircraft [ J].
Journal of Electronic Measurement and Instrumentation,
2024, 38(5) . 178-187.

B ILEIGE . F A5 AL I R AR A B b B P A RIS (0] Y0
#HF,2023(11) :69-70,73.

HUANG X F. Research on ulirasonic testing of weld
defects in steel structure bridges [ J].
Materials, 2023(11) : 69-70,73.
PIEARUND v 7Ll )R AR AR RS ool ol M E e AR I
Bl2fH AR B, 2020(12) :47-48.

SU H ZH. Comprehensive application of non-destructive

Jiangxi Building

(9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

testing methods in pressure vessel inspection [ J].
Science and Technology Innovation, 2020 (12) . 47-48.
FARIN, K22, £ 5 A4S FSW HEL AR IR IE K
FES BRI AR I AT [T ], T, 2024 ,46 (9) «
12-16.

WU ZH CH, LIU L AN, WANG F, et al. Detection and
analysis of incomplete penetration and weak bonding
defects in FSW [J].
Nondestructive Testing, 2024, 46(9) ; 12-16.

T4 BRiEaR, 2 IR 45 B IR AR 45 4 4 PR IR 4% i
PR AN 73 7 198 [T ], P9 3 4 Al i 4, 2024,
7(5) :26-31.

WU K Q, CHEN X R, LI J, et al

ultrasonic phased array testing and analysis of austenitic

aluminum  alloy joints

Discussion on

stainless steel pipe circumferential welds [ J]. Western

Special Equipment, 2024, 7(5) . 26-31.

VITHANAGE R K W, MOHSENI E, QIU Z, et al. A
phased array ultrasound roller probe for automated in-
process inspection of welds[ J]. IEEE Transactions on
Industrial Electronics, 2020, 68(12) : 12781-12790.
BAJGHOLI M E, ROUSSEAU G, VIENS M, et al.
Advanced ultrasonic inspection methodologies for fitness-
for-service (FFS) assessment of hydraulic turbines|[ J].
The International Journal of Advanced Manufacturing
Technology, 2023, 129(5) : 2621-2633.

KIM G, SEO M K, KIM Y I, et al. Development of phased
array ultrasonic system for detecting rail cracks[J]. Sensors
and Actuators A: Physical, 2020, 311, 112086.

J1 A G, W, IR, FK B IS BRI S T
SREEA A AR [0 ], ) AR KAk, 2022 (11)
80-84.

WAN J R, ZENG ] F, LI ZH H. Phased array testing of
semi-penetrating T-joint welds in reinforcement rings of
water conveyance steel pipes [ J]. Guangdong Water
Resources and Hydropower, 2022( 11) ; 80-84.

M, 2184, FRA, 45, R B R 7 R AR 25 B 41
BT B R AR R I ()], e 5 7456,2023,45(4) «
595-600.

SUN CH H, LI B L, HEI CH,

piezoelectric micro-ultrasonic transducer array and its

et al. Design of

application in weld detection [ J]. Piezoelectrics &
Acoustooptics, 2023, 45(4) . 595-600.

LI B, SUN C, XIN S, et al. Development of a 16-
channel  broadband  piezoelectric  micro  ultrasonic
transducer array probe for pipeline butt-welded defect
detection[ J]. Sensors, 2022, 22(19) . 7133.

JIANG X J, LIUM W, SHI F F, et al. A microscale

linear phased-array ultrasonic transducer based on PZT



55 3

TR ) IV 25 K 2 A5 Sl o G0 F) s P 7 R RE A 2 P 8T - 83 -

[18]

[19]

[20]

[21]

[22]

ceramics[ J]. Sensors, 2019, 19(5); 1244.
NG, e 22 i, Wi | 2. He A AR Rl R R 4 [ 2
EREEMEALT]. JEI145 4 ,2023,40(3) : 1-6.
BUY G, CHJ W, CH W, et al. Multi-mode full
focusing detection technology of ultrasonic phased array
for nozzle welds [ J]. Pressure Vessels, 2023, 40(3):
1-6.

WANG Y, LI'Y, BUY, et al. Research on region noise
reduction and feature analysis of total focus method
ultrasound image based on branch pipe fillet weld[J].
Applied Sciences, 2024, 14(21) . 9737.

ZARTE At WA e RS L BRR R
MAFE 5 R R[], & 8 M5 4E &, 2024 (22) ;
52-55.

QING H J, YANG N J. Research and development of
post-processing  full-focus  imaging technology  for
ultrasonic phased arrays [ J]. Equipment Management
and Maintenance, 2024(22) ;. 52-55.

HIELL, R85, XUAE R, 45 ARLAE i 4 o 7 A 00 s fE 1)
FLE ST (D], S5 ,2019,42(12) :58-68.

GAN ZH H, DENG Y, LIU CH L, et al. Comparison
and analysis of ultrasonic testing standards for welded
pipe joints [ J]. Steel Pipe, 2019, 42(12); 58-68.
W, Rk LT, 55 B BE AR S X TC4 B
AR R A I BN [ ) ] SRR AT S IR,
2022,41(1) :106-112,205.

YANG CH X, LI Q F, SHEN J H, et al. The influence
of transducer parameters on phased array ultrasonic
testing of TC4 titanium alloy plates [ J]. Laboratory
Research and Exploration, 2022, 41(1) . 106-112,205.
EEE T
BT 42,2022 4R T RICKR G5+
DA\ SN N 22 110 i T e s Ul
51 S LT T v P 45 R A% 145 A A 4 ik
Rz
E-mail; 1512454263@ qq. com

n Hu Zijian received his B. Sec.

i

from Yangtze University in 2022. Now he is a M. Sc. candidate

degree

in Yangtze University. His main research interests include the
detection of weld defects in steel plates based on piezoelectric
ultrasonic transducers.

FMIA, 2014 4T H KRS ARAG# -5
7,2019 4 T8 PR ERAG L2407, B K
VLR R AR S0, RS 5 1)
Seit P RE AR A R T R A TR
E-mail; chsun@ yangizeu. edu. cn

Sun Changhe ( Corresponding author )
received his B. Sc. degree from Chongqing University in 2014
and the Ph. D. degree from Chongqing University in 2019. Now
he is an associate professor in Yangtze University and the
supervisor of Master students. His main research interests include
advanced ultrasonic transducer device design and ultrasonic

nondestructive testing.



