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Fig. 1. Block diagram of BB-NSF algorithm.
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Fig. 2. Schematic diagram of synthetic focusing imaging.
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Fig. 5. Simulated images of (a)—(d) crack A, (e) crack B and (f) crack C with flexible transducers moving along surface.

154301-5



) 32 2 3R Acta Phys. Sin. Vol. 72, No. 15 (2023) 154301

4 LIk R AT
4.1 EIEE

PR A N T R8s pE 1) PBX AN
Kl 5, HAME RSP FIBFE 67 & /N5 CIVA fif
FLRIRUAR A, SEge s B IE s 7 s, i PBXOR
B 95%HMX ik 5 5% b4 S5 R i
B, FFIE S HUAIN AR A i N A T R T3
il RSk B, AR E 3 3010 mes . SEERI,
FtE PMUT 25 il 5% WG 3 T PBXOKAPFAR W, %
FLEARAE SRR .

SR HH 8 7 B R 8 s FRL TR LA P 4
fiE# (piezoelectric micromachined ultrasonic tra-
nsducer, PMUT) [51] 5:F FPGA 1Y FuHL FMC
Bt AR AN EAIHL PC 4R 2. i AR H 4
EMF R K FPGA Hdli R A AR KA 3R 64 4
RS JHWOFATIEIE, SCH R 1A R IE X

G, B R 20 V. VR AE SR AN RIAG
AL B R FMC $fi il it FPGA RAETF e

2 AL, SR A SO A5 X FMC %l
PEAT J5 Ak B fie AR AT B FE R PR 4. FMC Kl
RAE RGBSR B VA A5 BRI SRR TR O B N3 1
Ji3il.

21 BFHBERS PRSI TUR BE RS R
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Fig. 6. Pixel peak of the defect area and the root mean square of the pixel intensity in the background noise area of (a) TFM image
and (b) BB-NSF image, respectively. (¢) Comparison of SNR indictors for TFM and BB-NSF images.
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Fig. 7. Experimental setup: (a) PBX workpiece with flexible transducers; (b) the flexible ultrasonic transducer of PMUT with 16 ar-

ray elements.
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Fig. 9. Time domain signal transmitted by the sixth array element and received by the eighth array element for defect (a) A, (b) B

and (c) C, respectively.

T 4E BB DE I AH T TEM, 48
] PR IE ) TEM FMAH T 719 TEM A58
B A, B A C (SR LIS B4 5, PRFP AR L 2
BIERIHRE T4 3.65 B F14 6.85 dB, HE—i
UG T IHAE I iz S [a] /NS T (0.2 s F10.03 s);
F-DMAS A& 0T DL S5 $E R A, B Fil C 1Y
{EME L5 AR (F12 10.64 dB), FAR AT LI b WL
SRR 5, {H F-DMAS &7k 35 — i %
FERT™H (142.79 s), HRABCRILT. #HILZ T, &
SCHE Y BB-NSF 1] LA i % B FMC % o8
AR 5 Z [ A5 52 (A T B R AU p ol S B
SEREME LSS, Y p = 1, K EEITE
M A bR 5 TEM A0Y, BEE p (E R3S IMEFE I 1E
ME AR RN TE Y p = 1.5 B, K BRFARIIS MR 1L 45
FRA-TF p =1 M p = 2 Z[H), (Hil FARRECR 1
YEXG T80z e IR A B 24 p = 2 Bl RIgks
5 F-DMAS [Rl—7KF- {58 Lb e bn, [F]A iz 5 A
[T 2 0.41 s, W Ek3E T F-DMAS M550k
AR A B, HAR L T2 ) TFM RS 5
PREIHUE AN T 0.12 5. NFE—H I p (EHU X
{5 M EL AT RARCR M sE R, 43 BICRFH 1.0—4.0
[ B 0.2 i p EHEFT BB-NSF &%, 4nid 10 fiw.
SEIRAHH, WA p (RN, TR EUS0 (5 M e rT L
BN — D P T, T G ) R R e
(0.38—0.62 s). [H 1, BB-NSF %23 al DL i 5 &
p (HAS RN [R] B 55 A A 75 A MG, FE 3RS
(LR a0 o 2 = -y TRV ER T TR e

A, N 2 AT LA, ST E—FP &L b
HHLE A, B, CHEMTREE RGN, {7505 H S 30 B
ATt R HE RSB RIE TFM B,
HAFME AR 5.02 dB(BIE C), BLATBRIEE 52
SERMTY M. X FEE PBX AR sER
VR R, 23 B O [ A 5 T RE S T

T HL MR 7R B AR R TS v 3 R B P A SRR A
ASCHE ) BB-NSF Hk 7E 42 = 23 FG (5 W L
PSR B A TR B BRBE C A5 e e 32
T2 15.64 dB, il 75 Sl B R B2,
T SEERERRE (5 BLAAT S50, DA g — e R
A T A n ERERIRE T, BRAR T iR R
T RSE P P REE

F 2 ARFEBIEN PBX ZEUHEE IR AT
FAHCER L
Table 2. Experimental comparison of SNR and
consuming time for conventional and proposed al-
gorithms.
ik 7ML /dB e,
BUGA BB GkEC (B
TFMBO 9.38 7.35 5.02 0.29
R IEMTFME 12,55  10.87  9.28 0.49
MTFHEFHTFMPY  13.04  15.01  14.25 0.32
F-DMAS2] 19.19 19.18 15.30 142.29
BB-NSF (p = 1) 9.38 7.35 5.02 0.38
BB-NSF (p = 1.5) 14.33 13.37 10.59 0.59
BB-NSF (p = 2.0) 19.15 19.19 15.64 0.41
BB-NSF (p = 3.0) 27.98 2943 24.30 0.60
40— fEMEk 11.0
—— TR
{08 X
B 30t =
= &
= {06 &
=% ey
fz 20t &
" {04 ¥
S =
10 N
10.2
oL . . . . . . . g
1.0 1.4 1.6 22 2.6 3.0 3.4 3.8 4.2
p fH
Bl 10 ANIF] p (EH BB-NSF S5 (9 B4 A5 1 EL AT RCR

Fig. 10. Calculated SNR and consuming time of BB-NSF al-

gorithm with different p values.
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Abstract

Polymer bonded explosive (PBX) is a kind of composite material with highly filled molding explosive
particles (normally more than 95%) and a small quantity of binders (less than 5%). The effective detection of
internal cracks in PBX is of great significance in evaluating structural integrity and safety reliability.

Ultrasonic phased array detection and imaging methods show great advantages and potential in detecting
crack defects. But acoustic test results indicate that the PBX has unique characteristics with low longitudinal
wave velocity (~ 3000 m-s!) and strong attenuation (attenuation coefficient ~ 400 dB-m! for 2.5 MHz
ultrasound). When the defect is imaged by traditional ultrasonic total focusing method (TFM), the structural
noises at the boundaries between particles lead to low signal-to-noise ratio (SNR) in the FMC signals and
strong background noise in reconstructed image, which will disturb the detection of cracks.

To realize the high SNR imaging of crack defects in PBX, an ultrasonic imaging algorithm based on
baseband nonlinear synthetic focusing (BB-NSF) is proposed. By utilizing the spatial coherence of the received
signals in full matrix capture (FMC) data, the pixel intensity at defect position can be enhanced while the
background noise can be drastically weakened. The delay rule of the algorithm is modified according to the
characteristics of PBX surface configuration. In this way, the high SNR imaging of crack defects with different
orientations of PBX surface configuration is realized, and the quality of the reconstructed images is compared
and evaluated quantitatively. Meanwhile, the base band transformation in calculation process optimization
could significantly reduce calculation burden and increase imaging efficiency.

Experimental results show that the proposed algorithm can effectively suppress background noise and
significantly improve the ability to detect the PBX cracks. The effective suppression to background noise makes
the defect more highlighting and distinguished easily. For the BB-NSF algorithm, spatial coherence coefficient p
is a crucial parameter used for dynamically regulating the SNR of reconstructed image. When p value is more
than 2.0, the SNR of the ultrasonic reconstructed image of PBX crack defect is improved by more than 10 dB
compared with that of the traditional linear synthetic focusing imaging. With the increase of p value, the SNR
is further improved, while the calculation efficiency for a single image is almost kept stable. Moreover, the
increase of SNR to some extent will improve the far-field detect capability.

Besides, with the BB-NSF algorithm, flexible transducer inhibits different imaging characteristics of for
cracks with different orientations and depths in curved PBX specimens. For defects with large orientation angle
and buried depth, the tip, root and shape of cracks can be completely present. For defects with small
orientation angle and buried depth, part of shape and contour features will be lost.

In conclusion, the BB-NSF algorithm shows the advantage of high SNR and calculation efficiency in
imaging PBX cracks, and exhibits great application prospect in imaging internal defects of other strongly
attenuated composites.

Keywords: polymer bonded explosives, crack defect, ultrasonic phased array, baseband nonlinear synthesis

focusing algorithm
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