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Fig. 1 Dispersion curves of 1 mm thick tungsten plate. (a) Dispersion curve of frequency-wavenumber; (b) dispersion curve of group
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Table 1 Experimental sample parameters

Theoretical parameter

Measured parameter

Material Poisson’s Velocity of longitudinal Velocity of shear Thickness Density
ratio v /arb. units wave V, /(m+s ') wave V., /(m+s ) d /mm o/(g-cm )

Aluminum-1060 0.33 6153.4 3099.6 0.983 2.716

Copper-T2 0.34 4555.5 2243.0 0.992 8.898

Titanium-TA2 0.36 6262.2 2928.9 0.992 4.500
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Fig. 7 Identification of resonance modals in spectrum. (a) Spectrum of aluminum plate by single point detection; (b) theoretical (dotted

line) and measured dispersion curves of thin aluminum 1060 plate
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Fig. 8 Measurement results of thin aluminum 1060 plate. (a) Time domain signal at initial position with resonance signal shown by box;

(b) spectrum at initial position; (¢) time domain B-scan map; (d) spectral B-scan map with noise shown by box
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Fig. 9 Measurement results of thin copper T2 plate.

(a) Time domain signal at initial position; (b) spectrum at initial position; (c) time

domain B-scan map; (d) spectral B-scan map
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Fig. 10 Measurement results of thin titanium TAZ plate

. (a) Time domain signal at initial position; (b) spectrum at initial position;

(¢) time domain B-scan map; (d) spectral B-scan map
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Table 2 Resonance frequencies of three kinds of thin plates
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Table 3 Results of calculation and measurement of thin aluminum 1060 plate

Calculated parameter Measured parameter

. . . Velocity of .
Dual-modal resonance  Pojsson’s Velgcny of Velocity of Elastic longitudinal Elastic modulus
ratio longitudinal shear wave modulus wave by probe by nano-indenter
wave V, /(m-s™") Ve /(ms ) E /GPa o E /GPa
V. /(m+s™")
Ay-foand S,-ZGV 0.3458 6452.1 3132.5 71.31
A,f.and S;-ZGV 0.3459 6453.4 3132.3 71.31
6461.79 71.44

A,-f. and S,-ZGV 0.3443 6440.7 3138.5 71.51
Se-ZGV and S,-ZGV 0.3493 6479.9 3117.7 70.85

Fd o T2 A A

Table 4 Results of calculation and measurement of thin copper T2 plate

Calculated parameter Measured parameter

Dual-modal resonance  peisson’s Velocity of Velocity of Elastic Velocity of longitudinal ~Elastic modulus
ra?io u‘ longitudinal wave shear wave modulus wave by probe by nano-indenter
V. /(m:s ") V. /(m-s") E /GPa V. /(m+s ") E /GPa
Ayf.and S,-ZGV 0.3488 4757.0 2292.2 126.12
A,f. and S,-ZGV 0.3463 4741.8 2299.3 126.66 4739.93 128.32
Si-ZGV and S,-ZGV 0.3563 4805.6 2270.7 124.44

#5 PR TAZ M R 25

Table 5 Results of calculation and measurement of thin titanium TAZ2 plate

Calculated parameter

Measured parameter

Dual-modal resonance  poisson’s Velocity of Velocity of Elastic Velocity of longitudinal ~ Elastic modulus
. »ti longitudinal shear wave modulus wave by probe by nano-indenter
WOV wave V, /(mes) V. /(ms)  E/GPa V. /(mes ™) E /GPa
As-f. and S,-ZGV 0.3332 5769.1 2885.4 99.90
5786.67 100.87
S¢-ZGV and S,-ZGV 0.3336 5771.6 2884.2 99.84

T AN e R Sk T ) D B ke o g DN A2
B G WOGHE A SR PR — B R MR A G R
Lamb i USSR vk A9 353 25 21 15 G048 Sk 1o Il & 445
RBEATRSLE , AT U B i 25 B A AE 20 mes ' P, DAL AT
A1 B Lamb {8 SURE I 4% v 153 10 DAl e s 2 mT 5 110
TEM T2 Wit h R SRS ZGV PR 455 SRS ZGV
FEAR T B0 90U Dl 5 G0 I AR Sk G I 2 R AR 22
65 mes ", 3k 2 i BB A R e 7 A A AR Qi B 3 Y

M P 9 A e 9 ASCASE 00 3P A B i 75 S X R A

VI E) ERE RN, (R RS B K B R, =0.2, 4K EIR
Fo A T TF S PURR AR o e kAR AR Ak, SR
i R R B i B R R A Sk R ) A - A i 2
454 Oliver-Pharr J7 35 71 515 2 b R} 9 s PE BT
& 11Ca) «(b) 43 5l kel B (%) He 91 T R 86 fr -5 7% il £k
HF Lamb I SR L JIR 16 14 31 530 45 SR 5 94 K R R A il
A AT X L, AT DL B 25 FEARLE 2 GPa N, M I
Al L8 B Lamb 3 RO 3 4ig 25 31 550 0% 5 4 A it 2 mT

FER .
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Fig. 11 Measurement results of copper sheet nanoindentation. (a) Indentation of copper sheet; (b) loading-depth curve of copper sheet
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Measurement of Local Elastic Modulus of Thin Plates Using Lamb Wave
Dual-Modal Resonance Motivated by Laser Ultrasound

Jiang Wang, Sun Kaihua

Institute of Mechanical Manufacturing Process, China Academy of Engineering Physics, Mianyang 621999, Sichuan, China

Abstract

Objective As thin-walled structural components are widely used in the aerospace field, it is necessary to evaluate their mechanical
properties, particularly the elastic modulus. The traditional methods for measuring the elastic modulus include the tensile and
indentation methods; however, these methods are not suitable for the detection of formed structural components because they are
destructive. By contrast, laser ultrasound is a nondestructive testing method with the characteristics of high resolution, flexible sound
source, multiple modes, and noncontact; therefore, this method is appropriate for measuring the elastic modulus of thin-walled
structures. The primary advantage of measuring the elastic modulus using laser ultrasound is the accurate detection of the velocities of
compressional and shear waves. For bulk structures, compressional and shear waves can be motivated simultaneously and measured
accurately. Several scholars have used this method to calculate the elastic moduli of various materials. However, in thin-walled
structures, ultrasonic waves propagate in the form of Lamb waves, and it is difficult to directly measure the velocities of
compressional and shear waves. Therefore, the velocities must be inversed using the LLamb wave data. Dispersion curve inversion is a
commonly used inversion method; however, it obtains signals by scanning a large area. In this case, the results would be affected by
the uneven thickness of the sample. A local detection method is required to accurately measure the local elastic modulus of thin-walled
structures. In this paper, the Lamb wave dual-modal resonance method is proposed based on the zero group velocity (ZGV) resonance
and thickness resonance of the plates. In this method, the local Poisson’s ratio and the local bulk wave velocity of the thin plate are
calculated using the S, modal ZGV resonance peaks and any other resonance peak in the spectrum through single-point detection
without scanning, and the local elastic modulus is determined by combining the measured densities. This method provides a
theoretical basis for the online monitoring of the elastic modulus of thin-walled structures.

Methods The dual-modal resonance method uses resonance peaks to calculate the velocity of ultrasonic waves and Poisson’s ratio
and then combines the densities measured to detect the local elastic modulus. First, the relationship curve between the correction
factor and the Poisson’s ratio is calculated (Fig. 5). Then, the spectra of aluminum, copper, and titanium plates by single-point
detection are obtained using laser ultrasound (Fig. 8). Subsequently, the S, modal ZGV resonance peaks with large amplitude and any
other resonance peak in the spectrum are selected to calculate the local Poisson’s ratio and the local bulk wave velocity of the thin plate
using the dual-mode resonance method, and the local elastic modulus is obtained by combining the measured densities (Table 3).
Finally, the measured compressional wave velocity and elastic modulus are verified using a 50-MHz compressional wave probe and a
nano-indenter.

Results and Discussions Laser ultrasound experiments are performed to detect the resonance peaks and calculate the elastic
modulus using the dual-modal resonance method. The results show that there are multiple resonance peaks in the spectrum, and the
amplitude of the S, modal ZGV resonance peak is the largest. In the spectrum of the titanium plate, the A, resonance peaks are
disturbed by noise and are difficult to identify (Fig. 8). In this case, the calculation can be completed by combining the S, modal ZGV
resonance peaks with any other resonance peak, without A, resonance peaks. The results show that the difference in the velocities
between the calculated and measured values is within 20 m/s, and the difference in the elastic moduli between the calculated and
measured values is within 2 GPa. Therefore, the Lamb wave dual-modal resonance method is reliable for accurately calculating the

elastic modulus of thin-walled structures.
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Conclusions In this paper, a local detection method, namely, the Lamb wave dual-modal resonance method, for measuring the
elastic modulus is proposed. In this method, the local Poisson’s ratio and the local bulk wave velocity of the thin plate can be
calculated using the S; modal ZGV resonance and any other modal resonance in the spectrum, and the local elastic modulus can be
determined by combining the measured densities. The measurement results by the compressional wave probe and the nanoindentation
instrument prove the accuracy of the proposed method. Compared with the traditional methods used for measuring the elastic
modulus, this method is nondestructive, efficient, and noncontact, and is suitable for detecting the elastic modulus of thin-walled
structural components. In addition, compared with the inversion method using the dispersion curve, this method is more efficient
because it identifies signals through single-point detection. Finally, when some resonance peaks cannot be identified in the spectrum
owing to noise, the calculation can be completed using other resonance peaks that are not affected by noise through this novel method.

Key words measurement; laser ultrasound; Lamb wave; zero group velocity resonance; thickness resonance; local elastic modulus
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