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Fig. 1. Structure of multimodal nondestructive testing method for metallic materials.
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Fig. 2. (color online) Finite element model with im-

purity.
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Table 1. Parameters of steel in finite element model.
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@1 [ /kg-m ALK /3 kg1 K1 /1011 Pa HELVA Ik %/
1 7850 45 2.1 0.31 1x10°°
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Table 2. Parameters of aluminium oxide in finite element model
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Fig. 3. (color online) Temperature and pressure curves of region with and without impurity: (a) Temperature

curve in epicenter; (b) sound pressure curve in epicenter; (c¢) average temperature curve of excitation region;

(d) average sound pressure curve of excitation region.
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Fig. 4. (color online) 3D finite element model: (a) Graphic model; (b) top view of the model; (¢) shot point

and scanning path.
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Fig. 6. (color online) Schematic diagram of finite ele-

ment model: (a) Excitation on the left side of crack;

(b) excitation on the right side of crack.
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Fig. 7. (color online) Crack surface reflection wave comparison of the same depth and different angle: (a) Left side

reflection wave of depth 1 mm; (b) left side reflection wave of depth 2 mm; (c) left side reflection wave of depth

3 mm; (d) right side reflection wave of depth 1 mm; (e) right side reflection wave of depth 2 mm; (f) right side

reflection wave of depth 3 mm.
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FHMESH; (d) 1 mm ZMEEFE; (e) 2 mm ZMEEFF; () 3 mm 22 M%E 5%

Fig. 9. (color online) Crack surface transmitted wave comparison of the same depth and different angle: (a) Left
side transmitted wave of depth 1 mm; (b) left side transmitted wave of depth 2 mm; (c) left side transmitted wave

of depth 3 mm; (d) right side transmitted wave of depth 1 mm; (e) right side transmitted wave of depth 2 mm;
(f) right side transmitted wave of depth 3 mm.
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Fig. 10. (color online) Crack surface transmitted wave comparison of the same angle and different depth: (a) Left
side transmitted wave of 30°; (b) left side transmitted wave of 60°; (c) left side transmitted wave of 90°; (d) right

side transmitted wave of 30°; (e) right side transmitted wave of 60°; (f) right side transmitted wave of 90°.
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f [ C f C
= » ~ ] »

(b)

B 11 @S REARSEREE  (a) REULMIBER; (b) RECE MK
Fig. 11. The shortest path of transmitted wave: (a) Excited on the left side of crack; (b) excited on the
right side of crack.

®5 MR [ (A0 )

Table 5. Time extracted from the simulated results (in s).

A3 5 % H 5
R /mm /) PRFE /mm Wi /)
30 60 90 30 60 90
1 1.726 1.891 2.101 1 2.522 2.161 2.041
2 1.861 2.131 2.386 2 3.077 2.672 2.326
3 1.996 2.477 2.852 3 3.482 3.272 2.822
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Fig. 12. Schematic diagram of transmitted wave acquisition.

6 M0 FEE R SR B AR A AR
Table 6. The angle and depth calculated from the simulated results.

SRR /mm Shrfa/ (°) S B (] /s W /mm s /()
1 30 t1 = 1.726 ty = 2.522 1.3 25.5
1 60 t1 = 1.891 ty = 2.161 0.99 65.4
1 90 t1 = 2.101 ty = 2.041 11 94.9
2 30 t1 = 1.861 ta = 3.077 2.2 32.3
2 60 t1 = 2.131 ty = 2.672 1.9 63.1
2 90 t1 = 2.386 ty = 2.326 1.8 93.1
3 30 t1 = 1.996 ty = 3.482 2.9 34.1
3 60 t1 = 2477 ty = 1.951 2.9 62.2
3 90 t1 = 2.852 ty = 2.822 2.8 91.1
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Fig. 13. Structure chart of multi-modal testing platform.
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Fig. 14. Schematic diagram of the U71Mn phantom.
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Table 7. Crack size of phantom surface.
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Fig. 15. Optical image of the phantom.
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Fig. 16. (color online) PA image reconstructed from phantom PA signal: (a) 3D image of surface; (b) lon-

gitudinal section image.
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£8 HEHE SR HLE
Table 8. Crack width detected from optical signal.
F5 1 2 4 5 6 7
K %6 B /mm 0.493 0.504 0.527 0.476 0.463 0.993 0.489
B JE /mm 0.5 0.5 0.5 0.5 0.5 1.0 0.5
#9 GHEESRIH M REURE
Table 9. Crack width detected from PA signal.
5 1 2 4 5 6 7
R INERE /mm 0.65 1.56 0.74 4.41 4.28 5.03 0.66
LR EE /mm 0.5 1.5 5.5 5.0 5.0 0.5
#10 EFEES BRI E
Table 10. Crack width detected from US signal.
5 1 2 4 5 6 7
R IR /mm 0.3—0.9 1.2—1.8 1.0—1.6 5.1—5.7 4.7—5.2 4.5—5.5 0.3—0.9
SRR E /mm 0.5 1.5 1.0 5.5 5.0 5.0 0.5

I 2 A2~ & SR A 2 1l A S 5 R
JE an B 17 B, AT LR R A R AR 37 B R oR
TG4, 5, 6 75N FBEYIE R 2R, 1T HLR i B AE
SR, TR, 2, 3, 7, J&u H [E] 35 0
e 2 T [0 38 P 78 5, X AN T H BRSO T 21 33
55, PAN T {8 v 500X L 2R R B IR BE, aX A
PLH TR AR R R ISR fa R I E A 2.
TREZNNE G S EREINR, FIHBEES
T 3 1) 2% 25 R BUR FE AR R A — AN e Bl R,
£ 10 Fiow.
R FE A RS ) T R 23 ) s 1 A7 A ik

Ao P ramf -

Depth/mm

10 20 30 40 50 60 70
z/mm
17 (TR ) SHASENT G REBIME S KGR
Fig. 17. (color online) Image reconstructed from US

signal.
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Fig. 18. (color online) Fused image of PA and US image.
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Table 11. Crack width detected from fused signal.
5 1 2 4 5 6 7
F IR E /mm 0.59 1.72 5.85 5.23 5.10 0.58
SRR /mm 0.5 1.5 5.5 5.0 5.0 0.5
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Abstract

Metal materials play an important role in many domains, which are significant to the national economy. However,
different kinds of metal defects, such as cracks, contraction cavities, impurities, will be generated in the process of
production and service. These defects will affect the metal service life and mechanical properties directly, and even cause
serious economic loss. Therefore, it is vital to detect the metal defects.

Numerous nondestructive testing (NDT) methods have been proposed for detecting metal defects, such as ultrasonic
(US) testing, eddy current testing, photoacoustic (PA) testing, magnetic particle testing, etc. However, each of them uses
a single modal signal, which leads to a limited detection range. A nondestructive detecting method for metal material
defects based on multimodal signals is proposed to expand the scope of detection and obtain more complete information.
Specifically, optical signal, PA signal and US signal are combined together in this method, with the consideration of their
complementarities.

Simulation and experiments are conducted to validate the effectiveness of the proposed method. Firstly, finite
element simulation is employed to analyze the relationship between material parameters and the absorption of laser
energy. Meanwhile, the influence of defect size on PA surface wave is simulated and analyzed. Then, a multimodal NDT
platform is established to collect and process optical, PA and US signals of the metal defects. These three modal signals
contain information about metal surface, shallow surface and internal defects respectively. Eventually, the information,
including the location, appearance on the surface, depth, extension path in the material, is obtained.

As demonstrated in the results, the nondestructive detecting method based on multimodal signals can detect the
metal defects accurately and comprehensively. This method improves the existing methods in terms of detection range and
quantitative detection. Additionally, it provides a new way for the quantitative detection and comprehensive diagnosis

of metal defects.

Keywords: photoacoustic, ultrasound, nondestructive detection, finite element

PACS: 78.20.Pa, 43.35.Cg, 81.70.Cv, 87.10.Kn DOI: 10.7498/aps.65.167802

* Project supported by the National Natural Science Foundation of China (Grant No. 61371045), the Science and Technology
Development Plan Project of Shandong Province, China (Grant No. 2015GGX103016), and the China Postdoctoral Science
Foundation (Grant No. 2015M571413).

1 Corresponding author. E-mail: yfglion@163.com

1 Corresponding author. E-mail: fengnzQyeah.net

167802-14


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.65.167802

	1引 言
	2多模态检测方法
	Fig 1

	3光声信号的仿真分析
	3.1 金属材料表面激光吸收量的仿真研究
	3.1.1 材料表面激光吸收量的分析
	Fig 2
	Table 1
	Table 2
	Fig 3
	3.1.2 基于激光吸收量的金属表层杂质检测 方法
	Fig 4
	Fig 5

	3.2 金属材料光声表面波的仿真研究
	Fig 6
	3.2.1 裂纹反射波分析
	Fig 7
	Fig 8
	3.2.2 裂纹透射波分析
	Table 4
	Fig 9
	Fig 10
	Fig 11
	Table 5
	3.2.3 基于光声表面波的表面裂纹尺寸确定 方法
	Fig 12
	Table 6


	4多模态信号的获取与处理
	4.1 多模态信号采集平台
	Fig 13
	Fig 14
	Table 7
	Fig 15
	Fig 16
	Table 8
	Table 9
	Table 10
	Fig 17
	Fig 18
	Table 11


	5结 论
	References
	Abstract

