#) 32 2 3R Acta Phys. Sin. Vol. 73, No. 17 (2024) 174301

ARSI R RIS & H EHES
R E R BAE

WD kEED KED AXKD HKESY HHEEY
1) (REE S B TRESEE, Ll 200444)
2) (g DA TS AT SSE A BE, B 201620)

(2024 4E 5 A 22 HY#; 2024 4E 7 A 28 HUEMEMUHR)

P IR ) AR AL A A H iy A A SR S A B T A R AR S A AT B g R TR AT E . BN R AR
L3 TR 55 52 MR 7 5 ) K I Sl . A R I 5 T T, R L — b 5 TR A5 e A T R T Bl A T AR
B BRI E S AR B, AR JE R I BRIE GE T A IBCRR 67 ki R ¥4 , i aek A 57 R S B 5 AR AL T AR
AR (phase shift migration, PSM) PR DUl o R A SR #) AR R S5 A T IR (phase imaginary coherence factor,
PICF), #4801 i #AH T B T 5] AFHOE RS R, I3 4 2 TR G AT 6 E, 3l i MU 5 5 A T R & 27 4 2
PRAE B XFJE R 18 mm ARk B £F 485 G A BHIR BEAT RSN, 9230 45 R W] AR AR A 278 BUSAE 10 mm
BREE VLS LT 45 245 8 %, Joi A il Hh 8 J2 DX Ry § B s T PICF AR PSM UG ml A6 I Hh A3 T 11, 15,
16 mm Ab Y 3 21 2 R 4%, FH AR B R A5 T T RE RN S0 B AN RO 2 A5 B R A A R ORI R 22 298 10%,

I H UG FERMA 1.5 s, i3 ROR BT 3 4 R4 (total focusing method, TFM) % /b4 5 8.67 1i%.

KR RGO, MALTR RIS, 8L, EEME

PACS: 43.20.+g, 43.35.4+d

1 5 =

LT AERG SR L G M KL (CFRPs) HIBRZF 4EFIER
EWIFEARAL AL, IHCRA /N | S i | T
SEOLSRFE T 2 B THURATES I IR SE
. T TS AR AR AN Y, BRET 4
45 SRR S Y L 2 R A R |
Jig  Je e FAL RSB 1. o, R R A8 7E 2 TR
i P B U ANAR E A i) 46 R A P S BG4 4
BRI A LT AR, R ASEAT B e
SR, 27 4648 A ) A7 AR 1 7 B rp LM A A3 2
T S R 55 7 B R AR A LM 2 s

DOI: 10.7498/aps.73.20240714

JRIRVZE 5 ), 7™ 5 W B 2T 24 5 b RL 25 4 5 B
P, BEARBRET 4L 52 5 MR 27 VERE , BRI iR
LA A BB SREE 20l B X AT 4Ed iR 2 A
A AR B A 32 AR v X P L B BB A 781,
TG A B B ARSI A S AR X AL D S T S S IS AE 1Y
KMEFNZ TR, X 52 G AR 8 Sk b 2R 1T
O VST R NE 7 ivalll = W SN R = 8 CE Ve
N 2o UL ) ARG 0 8 el 12, LA 414
JOFL R ARG R P 3 G L ARG T B
LRl YWY

SR R P JAG T LA B R b o) R 48 e o 144 7
T PEAl, 28 ML S Ab B AR AR D s el g 4 3R
£E (total focusing method, TFM) a5 & % MR

* R A RBERS (IS 12374443, 12174245, 12104290) %% B IR

t iBIE1E#E . E-mail: hyzh@shu.edu.cn
1 BIE1E#E . E-mail: huizhang@sues.edu.cn
© 2024 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

174301-1


http://doi.org/10.7498/aps.73.20240714
mailto:hyzh@shu.edu.cn
mailto:hyzh@shu.edu.cn
mailto:huizhang@sues.edu.cn
mailto:huizhang@sues.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 73, No. 17 (2024) 174301

. TFM 53k & Bh 8 75 To P A I sl A% 1“4 pm
7. Cruza 55 PR BIUIRETIA T 2 )2 22451
1) TEM BAR 8 s AR, SR 32 Bk
TR B2 e, XE LARAS A AR 1 iR o R ik
g FHEATE 10 2 1 — b 5L 75 A 1) 4 pR RO AE 1Y
TEM BES0SAG T7 %, R 2r 4t 52 A b BHZ B AUl
B IX R R A 345, R AR S .

TERE I RV FE RS, TEM 51525 5) 52 3| Mg e
T MRS AR SO E S b 5, S Bk FE R )
R BEAG. 45 ) 2 A 000 RO R 5 i, o 4 ) R 25 AR 75
T . B AR T B R MR R AL
RAGIRIEAR, THE R, Mk DLV 28 5 30 45 5
[B) | B AR . 5 B ARV AR L, A R B
B G R, AR TRy 2 A B
s R HPBBUSAR R & iU, FERHE TFM
U 1/600. PSM RS H AR BE T L A5, T
P AR A e e e F B 78 = MNPy O R
TREETE R £ EUR, A SOkE T BB AL A st ) 1
DS AT I AR B 2k #E 2 M T TFM 55
%, PSM B A7 B S 30 B v ot T O 1 003 1) i
8. Olofsson!" 4 0% I 5 5 A 51 A K 75 AR 4
B, UESE T PSM 5 WA A AH e HAT PR Y
A€ /1. Skjelvareid 55 14 PSM 454 Stolt ffi{E 2%
P Z 2 PE0UR, fEEIZ R ST PSM,
$em T ZEN BUSURSCR.

XIS o — 20 MEG 3, mT DA T a5 o
. OUGE R R, AR T2 T T E
(49 19 38 W fINA ik 09161 AR = P A, 4555 4
B 7 )15V V2 e S ) 1 YN B2 = e S e
B AR Z 19 F B, Camacho 45 17 i HAH A7 4H
T UGB ARANE R —Fh F 38 BINAEE, GeA 25dm il
F5 55 M, RRAE B PERNAUTE. T3
g it s, Cruza 55 M $EH T R840 T+
WUSAGTT s, Z T R N P I R A
Fehih b, EXTAHA IR ZE AR S TR T 2094
NEARTRRAGR. SR, AU Ak B A SR 42 i S B,
J& T UL IR, BUSIR R A RE B IR &5 5 A
AR AR 1, BRI B S N A 2552 BIRR .
XX P, Prado 45 9 SR FH RS AHALACE DAS
5 FH A A BRI R B AR 2 LS, 98D T ERsE
I IX. Chen 55 20 {58 B, 3 4 BRI AR 67 AT
S AN, SRER L (55 AU AR L RRAE, 1 R A5 A
A7 B A AT DASE GRS 4 i 12 4E . Nelson 45 Y

R T P 5 S AR 5030 B A2y s o 12 0
(45 5 R bR AE ARG 4. Smith?2 $2 T 3T 2 1)
P 5t BEEARAL A B B 7R A% 07 v, R B 5
TET AR AR I, TR T ARG R B, (EL L BORG JEE 2
2 —%E PR

SRR | S0k | 2 ) B A R R R
A b B 115 s, X LRG| B R AR
N T SIS B RN 2 DI A8 SORS T R U,
P — o AR AL R A T R AR AL A R
Jrik: (PICF-PSM), SR HIPMEGE T U (37 HE R
W, SRR A2 1R ) DRt sl A A T R S A 7
FRAH T, FIRR R S Z AR LA, A
ROA 5 AR AR 2 X 25 F 15 5. AT
J5 BOfE 5 B B A 08, A 2 s S B, A
BEPURI R

2 FETAIGLRE AT H T8 PSM AR
(PICF-PSM) [ #

2.1 HEAEBRGREREE

PSM B i iy FH T i i 2 (81 g Asf 3 A 30t
S5 R BT R P R MR R A S A R
JECHEL, 7 G o R A o OB P R, AR P I A AR 1 e
P, 5 75 R 7 1 s DA Bt F 1048 Sk g B A g 291,
PSM JAG 420025 B8 Ry e e, AR R 1
AP R, i 5 2 4 AR Y S
Y1, M SE LR 1% 2.

mE 1 FiR, 7 M)ZNZ 2N RS2 R,
ST A ARARE T zoz, LAEE)ZE DT ) S o Bl IR
JETT ST Bl R TR 2 = 0 b, 2R
M B 2 1 1 BT X 1 A T ] I ABAR 2, 2,
oy 2y DT (2, 0) BOFEMR R TCH BN T (22, 0) Y
RAFTBETCH R MR AR, i — 24k A A ek
P (2,2 =0,2,,2 = 0,t). B)Z L FHEAEG
AR S A E e, Br LB — 2 A0 F A s
Yl UAER T — 2B M i R4 0. 22
ENREZEM B, PSM A& S 12+
il A RS B 7 eff=es R AT U, B BRI IR0
P (1,0, 2,0, t) FEFRFEE 2 J2 (T, M43 245
2 )2 BRI P (20, 21, 0, 20, t) . SRJE R A
B ez (220 BUMIBSTEAESS 2 R RUMR, DALk
WS Rt R B 2 S0 A 1 AR ) I I S
H1k.

174301-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 73, No. 17 (2024)

174301

(1, 0) AR

(@, 0)

P(ktz 0, Ky, 0, w)

LI C LI CIC]-CA ][]
WA A v

O
" & 7 o2
Z3 =
Z4
ZM—';s s
ZM-2
ZM-1 N_?ﬂ vi/lz‘;l
ZM
(z, 2) P(ktg, 2, kg, 2, w)
z
Bl 1 2R )2 AR TR

Fig. 1. Ultrasonic phased array multi-layer laminated plate media model.
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Fig. 2. Circular vectors: (a) Centrally distributed sample vectors; (b) randomly distributed sample vectors.
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Fig. 4. CFRP: (a) Healthy sample I; (b) wrinkled sample II;
(¢) wrinkled sample III.
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Fig. 5. Ultrasonic phased array data acquisition system.
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Table 2.  Parameters of phased array probes.
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(a) f. = 2.5 MHz; (b) f. = 5 MHz

Fig. 6. Short-time Fourier transform of the 16th element of sample II: (a) f, = 2.5 MHz; (b) f, = 5 MHz.
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Fig. 7. Comparison of imaging methods for sample I: (a) TFM; (b) PSM; (c¢) PICF-PSM; (d) PICF-PSM annotation diagram.
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Fig. 8. Comparison of imaging methods for sample II: (a) TFM; (b) PSM; (¢) PICF-PSM; (d) PICF-PSM annotation diagram.
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Fig. 9. Comparison of imaging methods for sample III: (a) TFM; (b) PSM; (¢) PICF-PSM; (d) PICF-PSM annotation diagram.
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# 3  PICF-PSM USRS
Table 3. Errors of samples with wrinkles in PICF-
PSM imaging.
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Table 4. Calculation time of different imaging al-

gorithms.
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Fig. 10. Definition evaluation of different methods in fre-
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Ultrasonic phase shift migration imaging of wrinkled defects
in composite materials fused with circular statistical vectors”
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Abstract

Ultrasonic phase changes carry critical information about tissue structures, and phase weighting can
enhance the sharpness of ultrasonic images. Addressed here are challenges, such as the faint scattering echoes
from folds, substantial noise interference, and the lengthy processing time involved in time-domain corrected
imaging. Processed in this work is a frequency-domain coherent imaging method based on the coherence factor
of the phase imaginary part. Firstly, the phase information in the wavefield signal is extracted, and then the
phase imaginary part matrix is extracted by using circular statistics. Subsequent construction of the phase
imaginary coherence factor (PICF) involves multiplying this matrix with the original frequency-domain matrix
used in phase shift migration (PSM) imaging. By incorporating the PICF into phase migration imaging and
adjusting the PICF of the migrating wavefield at each layer, fibre texture information can be efficiently
recovered by frequency domain signal multiplication. In this paper, this technique is applied to the 18-mm-thick
carbon-glass fiber composite boards. The experimental outcomes indicate that without PICF weighting, phase
shift imaging loses the fiber layout information at depths exceeding 10 mm and cannot detect defects in deeper
areas. The PICF-weighted PSM imaging identifies three fibre folds with depths of 11 mm, 15 mm and 16 mm,
respectively. This method improves the imaging clarity and textural detail of folding defects, while maintaining
a detection error of about 10% for folding angles. The imaging time is only 1.5 s, and its computational

efficiency is at least 8.67 times that of time-domain TFM imaging.
Keywords: circular statistics vector, phase shift migration imaging, fold, composite material
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