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A novel Lamb wave frequency-mixing technique is proposed for locating microcracks in a thin plate, which does not
require the resonance condition of Lamb wave mixing and can accurately locate the microcracks through only one-time
sensing. Based on the bilinear stress-strain constitutive model, a two-dimensional finite element (FE) model is built to
investigate the frequency-mixing response induced by the interaction between two primary Lamb waves and a microcrack.
When two primary Lamb waves of AQ and SO modes with different frequencies excited on the same side of the plate simul-
taneously impinge on the examined microcrack, under the modulation of the contact acoustic nonlinearity, the microcrack
itself can be deemed as the secondary sound source and it will radiate the Lamb waves of new combined frequencies.
Based on the time of flight of the generated AO mode at difference frequency, an indicator named normalized amplitude
index (NAI) is defined to directly locate the multi-microcracks in the given plate. It is found that the number and location of
the microcracks can be intuitively visualized by using the NAI based frequency-mixing technique. It is also demonstrated
that the proposed frequency mixing technique is a promising approach for the microcrack localization.

Keywords: frequency-mixing of Lamb waves, contact acoustic nonlinearity, bilinear stress-strain constitutive

model, microcrack localization
PACS: 43.35.4d, 43.25.+y, 43.20.Mv

1. Introduction

Thin plate-like metallic structures are widely used in en-
gineering fields, such as ship building, railway vehicle and
aerospace. Failure in these structures under time-varying loads
is often attributed to microcracks developed over time through
fatigue. Therefore, the detection and localization of microc-
racks at an early stage of fracture is important to avoid catas-
trophic failures of engineering components and structures.
Lamb waves have been widely used in the field of detect-
ing and characterizing microcracks in thin plate-like metallic
structures, since they can travel long distance and detect in-
ternal microcracks by interrogating the entire thickness of the
said structures. [1?!

The most common methods of measuring the nonlinear-
ity in solids are those based on the acoustoelastic effect,!
harmonic generation,[4‘13] and wave mixing,[14‘17] etc. The
acoustoelastic method measures acoustic velocity variations
induced by damage to structures. However, the approach is
limited by the difficulty of measuring the small changes in
acoustic velocity in practice. The most classical phenomenon
employed in measuring nonlinearity is harmonic generation
technique, where the waveform of an incident wave is dis-
torted by the nonlinear response of the medium to finite-
amplitude waves. However, practical implementation of the
harmonic generation technique requires much effort to min-
imize nonlinear distortions in transmitting/receiving devices.
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This shortcoming poses a severe limitation for its application
in engineering practice. The mixing of two primary waves
offers a potential to overcome the said shortcoming of the har-
monic generation based method, because the frequencies used
in the wave mixing measurements can be selected to avoid the
harmonics interference generated by the measurement system.

Compared with the conventional classical nonlinear ul-
trasonic technique, the frequency-mixing technique has been
seen as a promising means in nondestructive testing field. It
allows greater flexibility in selecting the frequencies, wave
modes and propagation directions.l'82%) Up to now, the
frequency-mixing technique has been used for interrogating
the material nonlinearity,!'>!7>1-27] plasticity damage*®2°! or

[14.16.30.31] The mechanism between the mix-

the microcracks.
ing waves and the material nonlinearity has been widely in-
vestigated. Li ef al. analyzed theoretically and observed ex-
perimentally the frequency-mixing response induced by the
collinear interaction of two primary Lamb waves with dif-
ferent frequencies in an isotropic and homogenous plate. "]
However, only third-order combined harmonics were observed
experimentally. Further, Li ef al. proposed an experimen-
tal scheme to measure the second-order combined harmonics
predicted theoretically and numerically, through which it was
found that the experimental results agreed well with that of the

S. (27

theoretical and numerical predictions.?”! Zhao et al. investi-

gated frequency deviation under imperfect resonant conditions
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through FEM simulations and experimental measurement by
using the one-way wave mixing technique.”*! Generally, the
previous investigations were focusing on the waves mixing in-
duced by the material nonlinearity, in which the resonant con-
dition of mixing of primary waves should be met.

Another classical nonlinearity is the plasticity damage,
which can be deemed as the degeneration of the materials.
When ultrasonic waves interact with the materials with plas-
ticity damage, the larger amplitude of resonant wave will be
induced than that of the inherent nonlinearity of the intact ma-
terial. Based on this, some researches had detected and lo-
calized the plasticity damage by comparing the resonant wave
amplitude to that of the undamaged zone. Aslam et al. pre-
sented a nonlinear Lamb wave mixing technique for enhanced
damage detection in thin plate structures, 8! where the analy-
sis of the nonlinear interaction of primary Lamb wave modes
propagating in the opposite direction was performed by using
FE simulations and experiments. Yuan et al. reported an in-
vestigation for evaluating and locating material plasticity dam-
age in a metallic material by using the collinear mixing wave
technique.[*°]

Compared with the intrinsic nonlinearity of the intact ma-
terial, generally, the nonlinearity induced by the microdamage
(e.g., delamination and microcrack) is defined as non-classical
nonlinearity as reviewed in reference.*?! In this case, the mi-
crodamage can be deemed as the secondary sound source
(SSS) radiating wave components with frequencies different
from that of primary waves.!33**1 So far, considerable efforts
have been made on nondestructive testing of microdamage
by using the wave mixing method. Ding er al. proposed
a method for locating the microcrack region by calculating
the start and end time of time-domain signals of the reso-
nant waves.['9! Jiao er al. detected the microcrack by using
nonlinear Lamb wave mixing in numerical and experimental
studies.!'*3"] Blanloeuil et al. detected and characterized the
closed cracks by using the non-collinear mixing technique. "]
Zhu et al. proposed a nonlinear ultrasonic technique by using
the mixed-frequency signals to conduct micro-crack detection
in thin plate structures.3!! The above investigations are stud-
ied based on the assumption that the resonance conditions of
wave mixing need to be satisfied.

In the classical nonlinearity phenomenon induced by ma-
terial nonlinearity or plasticity damage, the resonant condition
of the generation of the high-order or combined harmonics
is required. However, in the non-classical nonlinearity phe-
nomenon, the microcrack examined can be deemed as a SSS
that radiates the secondary waves with frequencies different
from that of primary waves. In this point, the resonant condi-
tion is not necessary. In addition, the nonlinearity induced by
the microdamage can be orders of magnitude larger than that
induced by the plasticity damage in solid.*>! Thus, compared

to the nonlinearity induced by the microcrack, the classical
nonlinearity of material can be ignored. When two primary
Lamb waves simultaneously impinge on a microcrack, the new
generated Lamb waves at combined frequency associated with
microcrack information can be extracted for detecting and lo-
cating itself. However, the frequency-mixing techniques re-
ported are less suited for assessing spatial distribution of dam-
age due to their relatively large mixing zone, as pointed out
by Hasanian et al.!’®! The shorter pulses are given for a higher
spatial resolution to locate and size the damage zone with a
loss of the signal to noise ratio (SNR), while the longer pulses
are needed for a higher SNR to quantify the degree of dam-
age with a loss of the spatial resolution. Even though shorter
pulses are given, the damage location is approximately local-
ized in a wide range,!'%172%37] which relies mainly on the spa-
tial accumulation critically.

Unlike the nonlinear wave propagation/interaction ap-
proach outlined above, a novel frequency-mixing technique of
Lamb waves is proposed to accurately detect and locate the mi-
crocrack examined just by using the time-domain response of
combined harmonics generated. It is worth mentioning that the
proposed method is free from the resonant condition of mix-
ing of primary Lamb waves. Once the total time of flight of the
generated A0 mode at difference frequency is determined, the
microcrack can be detected and localized. This paper is struc-
tured as follows: Section 2 presents the theoretical fundamen-
tals of the nonlinear interaction between two primary Lamb
waves and the microcrack modeled by the bilinear stress-strain
model, and the method for detecting and locating the microc-
racks. In Section 3, a finite element (FE) model is built. In
Section 4, the simulation results are presented and discussed.
Finally, conclusions are drawn in Section 5.

2. Theoretical fundamentals
2.1. The bilinear stress-strain model

To characterize the features of the microcrack, an appro-
priate theoretical model describing the nonlinear interaction
between primary waves and microcrack examined is needed.
Due to the fact that the model of contact acoustic nonlinearity
(CAN) is relatively intuitive, it has been widely used in an-
alyzing the nonlinear interaction between primary waves and
microcracks.?3! In the tensile phase of primary wave imping-
ing on the microcrack, the microcrack is open and the local
stiffness is reduced, while the local stiffness is the same as that
of the intact material in the compressive phase. The bilinear

stress-strain constitutive law of CAN is given by

AC d
G:C(I—H(e—so)c)e, AC:C—d—(;, (1)

where C is the second-order elasticity of intact material; H (x)
is Heaviside unit step function; and €Y is initial static contact
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strain. The stiffness deficiency AC (¢), which is due to the loss
of stiffness, is defined as AC (t) = H (e —€°) 4. Based on
Eq. (1), the stress ¢ can be decomposed into linear and non-
linear parts as 6 = o 4 6V, where the nonlinear part o™ is
given by o™ = AC (¢) £ (¢), and can induce the generation of
second-order harmonics whose frequencies are different from
that of primary waves. When two primary waves with dif-
ferent frequencies simultaneously impinge on one microcrack
examined, new wave components at the combined frequency
will be generated due to the nonlinear part &, It is worth
mentioning that the amplitude of the new generated waves at
the combined frequency will be affected by the value of AC (7).
Due to the effect of CAN, the interaction between two primary
waves (with frequencies f] and f>) and one microcrack will in-
duce the second-order harmonics at frequencies | f] & f2|, 2,
and 2f,.[1528] Through appropriate selection of two frequen-
cies of two primary waves, it can ensure the frequencies of the
generated combined harmonics (i.e., | f1 £ f2|) are away from
second-harmonic frequencies (i.e., 2f; and 2f,) induced by
the measurement instruments.

2.2. Interaction between two Lamb waves and one micro-
crack

Nonlinear Lamb wave frequency-mixing technique
has been wused for detecting and locating examined

16291 The nonlinear interaction between two

microcracks.
primary Lamb waves and one microcrack examined can be
depicted as following procedure. Generally, the duration of

the wave-packet or the length of wave-train of the primary

Lamb wave is finite. Thus, two primary Lamb waves will be
mixing at a specific region through appropriately adjusting the
time of their excitation sources. To avoid the generation of pri-
mary high-order Lamb wave modes (e.g., Al, S1, A2, and S2,
etc.) and meeting the resonant condition of two primary Lamb
wave, a pair of primary AO and SO modes at lower frequency
range are selected. As illustrated schematically in Fig. 1, two
dynamic displacements respectively applied to the left end
of the model in the direction of X- and Y-axes can generate
primary SO and A0 modes, propagating toward the positive
X-axis direction. In this paper, it is required that the exam-
ined microcrack is always in the acoustic field of primary AO
mode, at least until primary SO mode passes through it com-
pletely. During the wave mixing of primary AO and SO modes,
the examined microcrack works as a SSS due to the effect of
CAN. The said SSS will radiate the new generated symmetric
and antisymmetric Lamb waves at the combined frequencies
(combined harmonics), which propagate along the same and
opposite directions of primary A0 and SO modes. In this point,
the resonant condition of wave mixing of primary modes is no
longer required. For the case of several microcracks, when
two primary Lamb waves (AO and SO) simultaneously im-
pinge on the first microcrack examined, under the modulation
of CAN, it will radiate the combined harmonics for the first
time. The same processes repeat to the second, third, and
fourth microcracks, which will successively radiate the cor-
responding combined harmonics. For convenience, only the
generated combined harmonics propagate along the opposite
direction of primary Lamb waves are considered in this paper.

2000 mnr
el iSensing point z
::t T Mikcrocrack g
us(t) = New generated g____AQ—%» > New generated £

Y ::% Lamb waves SO Lamb waves a

>
| ua(t)

X

Fig. 1. A two-dimensional model of wave mixing between two primary Lamb waves and one microcrack.

2.3. Method for locating microcrack

The proposed frequency-mixing technique for detecting
and localizing a microcrack is based on the time-domain sig-
nals acquired from a single sensing point, which can be located
at the left end of the plate. When primary A0 and SO modes si-
multaneously impinge on the microcrack examined, the com-
bined harmonics associated with the information of the exam-
ined microcrack will be generated. Here, it should be men-
tioned that the examined microcrack is always in the acous-
tic field of primary AO mode until primary SO mode passes
through it completely. It should be noted that the combined
harmonic (AO) at difference frequency is only considered in
this paper. This is due to the fact that the energy of the gener-

ated A0 mode at difference frequency is dominant, which will
be numerically demonstrated in Subsection 4.2. The generated
A0 mode at difference frequency, propagating along the neg-
ative X-axis direction, is used to locate the microcrack exam-
ined. Under the given parameters (including cycle, frequency,
and time delay of excitation sources of primary A0 and SO
modes), once the total time of flight of the generated A0 mode
at difference frequency is determined, the following analysis
indicates that the microcrack examined can be accurately lo-
calized.

The total time of flight of the generated AO mode, prop-
agating along the negative X-axis direction and received at a
given sensing point, consists of two parts: (i) the time of flight
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of primary SO mode from the excitation source position to the
microcrack location (denoted by fsp), and (ii) the time of flight
of the generated A0 mode from the microcrack location to the
sensing point (denoted by t#4ir). Therefore, the total time of
flight, T', of the generated A0 mode can be expressed as

X—Xe X—Xp

T =tso+ =750 + i 2)
g g

where x, x. and x; are, respectively, the positions of the mi-
crocrack examined, the excitation source of primary SO mode
and the sensing point; Cgo and Cfgﬁff are, respectively, the group
velocities of the primary SO mode and the generated A0 mode
at difference frequency. Further, the location of the examined
microcrack can be further rewritten as

CiiTy, + C0x, + TCHCH
SO diff
G+ G

x= 3
Thus, the microcrack location can be localized via a single
sensing point in a thin plate, as expressed in Eq. (3). Since the
time-domain displacement signal of the generated A0 mode
[denoted by u(t)] can be mapped into the corresponding spa-
tial domain signal u(x), its amplitude can be directly obtained
in the spatial domain. In addition, the microcrack length can
be ignorable when compared with the distance between the
microcrack and the sensing point. Thus, the microcrack can
be deemed as a point-like source radiating the A0 mode at dif-
ference frequency, and its position can be represented by its
coordinate x. The position of the maximum magnitude of u(x)
in the spatial domain corresponds to the highest probability of
the microcrack location. Further, a normalized amplitude in-
dex (NAI) is taken as an indicator of how the maximum mag-
nitude of u(x) intuitively visualizes the microcrack location.
The magnitude value of the NAI represents the probability of
the existence of the microcrack. Bigger the NAI is, the more
probability the microcrack exists. The NAI is mathematically
defined as

u(x)

NAI :max(u(x))

) “)
where max(u(x)) is the maximum magnitude of the generated
A0 mode at difference frequency. It is worth mentioning that
several microcracks can be localized by judging the peak num-
ber in the spatial domain.

3. FE simulation
3.1. FE model

It is known that Lamb waves have dispersive and multi-
modal characteristics, which are associated with the product
of frequency and plate thickness. Without the loss of gen-
erality, the 2.0 mm thick aluminum plate is chosen, and the
dispersion curves of Lamb waves are calculated and shown

in Fig. 2. It can be seen that the higher frequency, the more
modes the Lamb waves have. Therefore, the AO and SO modes
at lower frequency range are selected as the two primary waves
for waves mixing interaction between the two primary waves
and the microcrack. The new generated Lamb waves at dif-
ference frequency are selected to avoid the generation of the
higher-order modes.

10

T
— Symmetric
— — Anti-symmetri

\
Al

Phase velocity (km/s)

O 1 1 1 1 1
0 0.5 1.0 1.5 2.0 2.5 3.0
Frequency (MHz)
6
—— Symmetric (b)
5 \S — — Anti-symmetric
=
g
< 4
>
=
S 3 Ao
) ’
> I
2, 2-,
5
|
O 1}
0,

0 05 1.0 15 20 25 3.0
Frequency (MHz)

Fig. 2. Dispersion curves of Lamb waves in a 2-mm-thick aluminum
plate: (a) phase and (b) group velocities.

As schematically illustrated in Fig. 1, a two-dimensional
model is built for investigating the frequency-mixing response
of primary Lamb waves (A0 and S0) with the microcrack ex-
amined, where the solid plate is assumed to be an aluminum
plate with a uniform thickness of 2.0 mm and a length of
2000 mm. The material parameters of the aluminum are listed
in Table 1.

Table 1. Material parameters of aluminum.

Density (p)
2700 kg/m?

Elasticity modulus (E) Poisson’s ratio (V)
69 GPa 0.33

The origin of the coordinate system is located at the left
center of the aluminum plate. A microcrack with a length of
2 mm in the vertical direction is positioned at a given location
in the aluminum plate (see Fig. 1). The dynamic displacement
excitations

ua (t) = Psin(27 faot) (1 —cos (27;/ont>) ,

A0

014301-4



Chin. Phys. B 31, 014301 (2022)

us (1) =Psin<znfso<t_to)>(1_cos <2f<—>>)

Nso

are, respectively, applied to the left end of the model along the
directions of the Y and X axes, where 1y is the delay time; and
faos fso and Nag, Nso are, respectively, the carrier frequencies
and cycle numbers of ua (f) and ug (¢). The excited dynamic
displacements ua (7) and us (), respectively, contain 30-cycle
Hanning windowed tone burst signals with central frequencies
of 0.5 MHz and 10-cycle Hanning windowed tone burst sig-
nals with central frequencies of 0.8 MHz. The amplitude P
of two dynamic displacements is the same and its value is set
to be 1.0x10~* mm. The time-domain signals of u (¢) and
us (1), as well as their amplitude-frequency curves u (f) and
us (f), are shown in Fig. 3.

1.5
. (a) —ua(t)
£ 10 —us(t)
[=]
=]
_8' 0.5 M
\i 0 nnnvl\vl\v
[0
: i
£ _os5h
j=]
1o}
<
S 1.0}

— 155 20 40 60

Time (us)

0.30
~ |® —ua(f)
£ 0.3 —us(f)
=1
5 0.20}
—
=
~ 015
el
=
£ 010
=]
2
< 0.05} JL/\

9 0.5 1.0 15

Frequency (MHz)

Fig. 3. Time-domain signals of ua (¢) and us () (a) and their amplitude-
frequency curves (b).

A 2D FE model is constructed by using the four-node
plane strain (CPE4R) elements in software ABAQUS (Ver-
sion 6.14, Dassault Systémes Simulia Corp., Providence,
RI, USA), where a VUMAT subroutine defining the bilinear
stress-strain constitutive relation is implemented to update the
stress tensor at every time step. Two-layer meshes are intro-
duced to simulate the existence of the microcrack examined.
The model is similar to the one reported in the authors’ previ-
ous work, *#! with differences in terms of geometry and driv-
ing frequencies of primary waves.

Spatial discretization is essential in the FE simulation.
The appropriate grid cell edges length (L.) and the integra-
tion time step (At) are adopted, which are based on the min-
imum wavelength (A,i,) and the maximum frequency (fmax)
of the Lamb wave desired. The maximum acceptable element

size and time step are calculated according to the following

equations: (%%

)Lmin , A< 1 )
20 ~ 20 fmax
For the dynamic displacement ug (¢) with the central frequency

of 0.8 MHz, the maximum element is 0.27 mm and the small-

Le< 5)

est time step is 6.25x 107 s based on Eq. (5). To ensure the
computational efficiency and accuracy of the FE simulation,
the grid cell edge length is selected as 0.2 mm. At the same
time, a time step of 1.0x 108 s is chosen.

3.2. Signal processing

When two primary Lamb waves (A0 and SO) simultane-
ously impinge on the microcrack examined, the new gener-
ated Lamb wave (AO) at difference frequency will carry the
information of the microcrack location. Thus, extraction of
the new generated AO mode at difference frequency can be
used for microcrack localization. Because of the multi-mode
nature of Lamb wave propagation, an accurate determination
of the difference frequency component (A0Q) generated from a
time-domain signal containing multi-modes is difficult.

To solve the problem, the pulse inversion technique!”-3!

and the bandpass filter processing*"’

are adopted for extract-
ing the new generated A0 mode at difference frequency, as il-
lustrated schematically in Figs. 4(a)—4(d). For the pulse inver-
sion technique, as shown in Fig. 4(b), it has been mathemati-
cally proved that when two time-domain signals excited by the
pulse inversion technique propagate in a nonlinear medium, by
summing the two time-domain signals, all of the odd-order
harmonic components and the fundamental component will
be canceled out while all the even-order harmonic compo-
nents will be reserved.?*) Because the time-domain signals
obtained still contains several frequency components after pro-
cessing by the pulse inversion technique, as shown in Fig. 4(c),
the bandpass filter processing is applied to extract the desired
time-domain signals at the specific frequency, as shown in
Fig. 4(d). In this paper, the time-domain signal of the gen-
erated AO mode at difference frequency is extracted and used
for detecting and locating microcracks hereinafter.

The steps of the microcrack localization are illustrated in
Fig. 5.

Step 1 Two primary Lamb waves of the A0 mode at
0.5 MHz and the SO mode at 0.8 MHz are excited on the same
side of the plate, and the SO mode is excited with a specific
delay time to ensure that both primary modes simultaneously
impinge on the examined microcracks, as shown in Fig. 1.

Step 2 Extract the signals of the generated AO mode at
difference frequency based on pulse inversion technique and
filter processing.

Step 3 Obtain the time of flight of the A0 mode at differ-
ence frequency generated by the interaction between the two
primary Lamb waves and the examined microcracks.
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Step 4 Locate the examined microcracks based on Eq. (3), and draw the NAI curve based on Eq. (4), and then intuitively
visualize the position and the number of the examined microcracks.

0064 T Prase O o
2 — Phase 180°
£ 0.032 ‘l"lwly
I “‘\
5 il
b 0 A IH"HIW'"‘"‘
.. o ixi ° ] l
Mixing waves (phase 0°) + Mixing waves (phase 180°) - 2 ‘m MH
£ —0.032 H
o0
3
| 3
—0.064
0.14 0.16 0.18 0.20 0.22
0.0012 Time (ps)
Pulse inversion technique (c)
0.0008
2 0.0004
3
(a) Nonlinearity signals E 0
(static component & _ % —0.0004
=]
higher-order harmonics) 2 00008
—0.0012
0.20 0.22 0.24 0.26 0.28 0.30
A bandpass filter Time (us)
0.0003
(d)
. 0.0002
g
=~ 0.0001
New generated Lamb wave -.8
at difference frequency E 01 ‘
=
& —0.0001
=
—0.0002
—0.0003 +
0 0.1 0.2 03 04 05 0.6

Time (us)

Fig. 4. Flow chart of the extraction procedure of the generated Lamb waves at difference frequency (A0 mode): (a) flow chart, (b) two primary
Lamb waves of different phases (0° and 180°), (c) nonlinearity signals containing static component and higher-order harmonics, and (d) new
generated Lamb wave (A0) at difference frequency.

Excitation of primary AO Excitation of primary SO mode | i
mode with specific delay time i

Simultaneously interacting with
the examined microcracks

i l %---1 FE simulation model

Extraction of the generated AQ P Using pulse inversed technique
mode at difference frequency and filter processing
Drawing the NAI curve & ----1 Based on Eq. (3)

}

Visualization of the position and
number of the microcracks

Fig. 5. Layout of the microcrack localization using FE simulation.

4. Simulation results and discussion
4.1. Verification of the generated Lamb waves at difference frequency

To verify the modes of the new generated Lamb waves at difference frequency, the group velocity of each single wave packet
is calculated. As shown in Fig. 6, we assume that the microcrack my is located at x = 500 mm. The pulse inversion technique
and the bandpass filter processing are adopted to extract the new generated Lamb waves induced by the interaction between the
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primary waves (A0 and S0) and the microcrack examined. Hereby, such a microcrack works as a SSS radiating the new generated

Lamb waves due to the effect of CAN.

v Microcracks
" / X
—_ M| My meo _
us(t) EE% —_— ! F“Vle‘%ﬁ“}‘{‘%fé _____ |- __'_f\_o____,Tl\'.e\\'l&eljf{‘jted E
::1 amb waves I TS0 .amb waves ~
up(t)
2000 mmr

Fig. 6. A two-dimensional model for analyzing the interaction between the two primary waves (A0 and SO) and the microcracks.
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Fig. 7. Verification of the new generated Lamb wave modes at differ-
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As shown in Fig. 7, the time-domain signals of the hor-
izontal displacements U; of two arbitrary sensing points lo-
cated at positions x;; = 101.8 mm and x,p = 301.8 mm are
selected to calculate the group velocity. For the sake of sim-
plicity, we take the new generated Lamb waves at difference
frequency (A0O) as an example, and the group velocity of each
wave packet can be obtained by

Xr2 — Xrl

C f—
¢ h—1

(6)

where #; and #, are the time of flight of each wave packet
receiving at the sensing points x;; and x, respectively. As
shown in Fig. 7, the group velocity of the new generated
A0 mode at difference frequency (0.3 MHz) is equal to
2919.7 m/s, which is in good agreement with the theoretical
value 3005 m/s (see Fig. 2(b)). Similarly, the mode of the

other wave packets can be confirmed in the same way. It is
ascertained that the AO and SO modes at the difference fre-
quency in Fig. 7 are the modes radiated by the microcrack my,
while the A0’ and SO’ modes are the reflection signals of the
said AQ and SO modes reflected from the left end of the plate,
respectively. Hereinafter, without special instructions, the new
generated AO mode at difference frequency is selected to lo-
cate the microcrack location since its energy is dominant.

4.2. Localization of one microcrack

Once the new generated A0 mode at difference frequency
is confirmed, its group velocity is also known, through which
the microcrack can be localized as described in Subsection 2.3.
As shown in Fig. 6, one microcrack my located at the position
x = 500 mm is introduced in FE simulation model. A sens-
ing point located at x, = 351.8 mm is picked up to locate the
given microcrack. Similar to Fig. 7, the time-domain signal of
each mode generated by the SSS (i.e., the microcrack itself) at
difference frequency of 0.3 MHz can be confirmed as shown
in Fig. 8(a). Figure 8(b) shows the corresponding NAI curve
that represents the probability of the microcrack appearance.
Through the peak of the NAI curve, it is shown that the mi-
crocrack my is located at x = 502.5 mm. Compared with the
theoretical value of the microcrack mg located at x = 500 mm,
the localization error is 2.5 mm. It is demonstrated that the
proposed frequency-mixing method is capable to locate the
microcrack accurately.

Due to the dispersive nature of Lamb wave propagation,
the smaller cycle number of Lamb wave tone burst, the more
severe dispersion it has. Here, the influence of the cycle num-
ber of primary Lamb wave on the microcrack localization is
investigated. For the proposed method, the microcrack is al-
ways in the acoustic field of primary A0 mode, at least until
primary SO mode passes through it completely. For simplicity,
the cycle number of the tone burst of primary A0 mode can
be regarded to be infinite. So interest focuses on analyzing
the influence of the cycle number of primary SO mode on the
microcrack localization. Once the frequencies of two primary
Lamb waves are given, the cycle number of the generated AO
mode at difference frequency is largely determined by the cy-
cle number of the primary SO mode.
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Fig. 8. (a) The time-domain signal of the new generated Lamb waves at
difference frequency probed at the point (x; = 351.8 mm), and (b) the
NAI curve versus x for microcrack localization.

When the cycle number of the primary SO mode are, re-
spectively, set to be 5, 10 and 15, the corresponding NAI
curves are shown in Fig. 9. Clearly, the accuracy of the mi-
crocrack localization under the condition of 10 and 15 cycles
are almost same, while the localization error under the condi-
tion of 5 cycles is larger than the former. The reason is mainly
due to the fact that the case of smaller cycle number corre-
sponds to more severe wave packet dispersion of Lamb wave
propagation. The FE simulation results show that under the
condition of the primary SO mode with more than 10 cycles,
the microcrack localization is less influenced by the dispersion
nature of Lamb waves.

]
L I — 5 cycles
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I —— 15 cycles
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Z -
0.4F
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0 L =) N 1 L
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Fig. 9. Microcrack localization by changing the cycle number of the
primary SO mode.

4.3. Localization of two microcracks

As described above in Subsection 2.3, by counting
the peak number of the NAI curve versus x, the proposed
frequency-mixing technique has a potential to locate one or
more microcracks. As shown in Fig. 6, the given two micro-
cracks m; and my (respectively located at x = 475 mm and
x = 550 mm) are introduced in the FE simulation model. A
sensing point locating at x, = 197.8 mm is picked up for locat-
ing the two microcracks. In order to decrease the influence of
the dispersion on localization accuracy (see Fig. 9), the cycle
number of the primary SO mode is set to be 10. The signal
of each mode generated at difference frequency can be con-
firmed as shown in Fig. 10(a), where the SO and A0 modes are
the modes radiating by two given microcracks (two SSSs) at
difference frequency, while the two A0’ modes are the reflec-
tion signals of the two AO modes by the left end of the plate.
Noteworthily, the reflection signals of the two SO modes by
the left end of the plate are mixed with the two A0 modes.
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Fig. 10. (a) The time-domain signal of the new generated Lamb waves
at difference frequency probed at the point (x; = 197.8 mm), and (b) the
NAI curve versus x for microcrack localization.

Figure 10(b) shows the curve of the NAI representing the
probability of the microcrack appearance. The FE simulation
results show that the two peaks are located at x; = 480.5 mm
and x, = 557.5 mm, which correspond to the positions of the
two microcracks m; and my, respectively. The localization er-
rors of the two microcracks are 5.5 mm and 7.5 mm, respec-
tively. The localization errors of the two microcracks are larger
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than that of the single one case. The reason is probably the fact
that the reflection signals of the two SO modes by the left end
of the plate is mixed with the generated AO mode, which leads
to the peak shifting from the real position. Similarly, more
microcracks can be localized in the same process. It demon-
strates that the proposed frequency-mixing Lamb wave tech-
nique is a potential means for microcrack localization in non-
destructive testing field, which is also capable to locate multi-
ple microcracks.

Generally, the traditional frequency-mixing techniques
reported are less suited for assessing spatial distribution of
microcracks due to their relatively large mixing region. The
shorter pulses are given for a higher spatial resolution to lo-
cate the microcrack, while the longer pulses are given to quan-
tify the degree of damage with a loss of the spatial resolution.
Even though shorter pulses are given, the microcrack location
is approximately localized in a wide range. Unlike the tradi-
tional nonlinearity wave propagation/interaction approach that
relies mainly on the spatial accumulation critically, the pro-
posed frequency-mixing technique of Lamb waves is capable
to detect and locate the microcracks examined just by using the
time-domain response of the generated difference frequency
component (i.e., the A0 mode at difference frequency). Based
on the above FE simulations, it is found that one or more mi-
crocracks’ position can be localized accurately. The most ob-
vious advantages of the present technique are that only one-
time excitation of two primary Lamb waves (A0 and S0O) that
mix at the microcracks examined is required, and that only
one-time sensing is needed for extracting the difference fre-
quency signals that have the information of microcrack loca-
tions.

However, it should be pointed out that there is a limita-
tion of the proposed frequency-mixing Lamb wave technique.
The spatial separation between any two distinguishable micro-
cracks should be larger than that of half wave-package width
of the generated AOQ mode at difference frequency. Thus, the
selection of the wave-package width of the primary SO mode
is not too long for a better spatial resolution. However, the
shorter wave-packet width will result in a loss of accuracy of
microcrack localization (see Fig. 9). Therefore, the appropri-
ate selection of the wave-packet width of primary SO mode is
necessary.

5. Conclusions

A new nonlinear Lamb wave frequency-mixing technique
is proposed. It is capable to accurately locate one or more mi-
crocracks by using one-time sensing of the generated Lamb
wave at difference frequency. Based on the bilinear stress-
strain constitutive model, a two-dimensional FE model is built,
which is used for investigating the frequency-mixing response
induced by the interaction between the two primary Lamb

waves (A0 and SO) and the examined microcrack. One ba-
sic requirement is that the examined microcrack is always in
the acoustic field of the primary AO mode, at least until the
primary SO mode passes through it completely. A new defined
indictor NAI is used to intuitively visualize the numbers and
locations of the microcracks. The FE simulation results show
that the proposed frequency-mixing technique is capable to ac-
curately locate one or more microcracks. For the given fre-
quencies of two primary Lamb waves (A0 and S0), the cycle
number of the primary SO mode tone burst has some effect on
the accuracy of the microcrack localization. Unlike the tra-
ditional frequency-mixing technique, the proposed technique
shows the advantages that only one-time excitation of two pri-
mary Lamb waves (A0 and SO) that mix at the microcracks ex-
amined is required, and that only one-time sensing is needed
for extracting the difference frequency signals that include the
information of the microcrack locations. These obvious ad-
vantages can largely promote the efficiency of microcrack lo-
calization.
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