metals

Article
Mutual Interactions of Lamb Waves in Nonlinear Elastic Plates

Shuyi Ma !, Guixian Zhang !, Hongfeng Hou * and Lidong Wang 2

check for
updates

Citation: Ma, S.; Zhang, G.; Hou, H,;
Wang, L. Mutual Interactions of
Lamb Waves in Nonlinear Elastic
Plates. Metals 2022, 12, 2175.
https://doi.org/10.3390/
met12122175

Academic Editor: Varvara

Romanova

Received: 1 November 2022
Accepted: 12 December 2022
Published: 16 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Traffic and Electrical Engineering, Dalian University of Science and Technology, Dalian 116052, China
2 Dalian Shipbuilding Industry Co., Ltd., Dalian 110624, China

*  Correspondence: houhf@dlust.edu.cn

Abstract: The mutual interactions of Lamb waves in nonlinear elastic plates are studied in this
article. Many researchers have investigated the interactions of Lamb wave modes at nonlinear higher
harmonics. However, little is known about nonlinearity-driven Lamb modulations from two primary
modes with different frequencies. In this study, the existence of symmetric or antisymmetric mode
due to Lamb wave mutual interactions is firstly theoretically formulated. Then, an approach is
proposed to evaluate the intensity of phase velocity matching for selecting primary modes. Finally,
the characteristics of the modulated wave generation are investigated and demonstrated. The
generation of modulated waves in an aluminum plate and fatigue crack can be detected by mutual
interactions of Lamb waves. The main contribution of this work is the proposed mutual interaction
theory of Lamb waves in fatigue plates, which can guide fatigue detection in the metal plate.

Keywords: Lamb waves; nonlinear; mutual interactions

1. Introduction

Recent research has demonstrated that nonlinear ultrasonic-guided waves have the
capability to provide sensitivity to microstructural changes [1-10]. When incident Lamb
waves propagate in a media with a nonlinear mechanism such as a fatigue crack, nonlinear
components, including higher harmonics due to the primary mode self-interactions and
modulations due to mutual interactions, are generated from the nonlinear region [11-14].
These nonlinear components can be directly attributed to the nonlinear elastic properties
of a material, which are much more sensitive to the changes in microstructure than linear
elastic properties.

Many researchers have investigated higher harmonic generation from the primary
mode self-interactions [15-17]. Hong [18] investigated the nonlinear features extracted from
Lamb wave signals, which were demonstrably sensitive to impact damage. Pineda [19]
presented a theoretical development and experimental investigation into the nonlinear
guided wave for bolted joint health monitoring. The effect of load cycle numbers in
nonlinear guided wave features was investigated. Aseem [20] also studied the debonding
detection and location estimation method by nonlinear longitudinal guided waves in
rebar-reinforced concrete structures.

However, there has been little study of the mutual interactions of Lamb waves.
Liu et al. studied the interactions of guided waves in weakly nonlinear circular cylin-
ders and plates, but they only discussed the generation of the second harmonics mode [21].
Lim and Sohn et al. studied the binding condition of Lamb wave nonlinear modulation [22].
It was validated that a nonlinear modulation requires synchronism, nonzero power flux,
and simultaneous arrival. Then a fatigue crack detection technology using nonlinear ultra-
sonic wave modulation was proposed by Sohn et al. [11,23,24]. Based on low-frequency
50 mode and A0-SO Lamb wave mixing wave method, Ding [25] studied the early stage
damage by experiment investigation. It was shown that the Lamb mixing wave method
was practicable for detecting early-stage damage. Donatas [26] investigated the selection
of higher order Lamb wave mode for pipeline damage detection and detected the hidden
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corrosion defect. Kim [27] presented a nondestructive method for the quantitative assess-
ment of fatigue damage by the nonlinear ultrasonic method. SAFE method and experiment
investigation were carried out on the damaged SWO-V spring coil.

The contributions of this work are shown as follows:

(1) As the characteristics of the nonlinear modulation are practically important for its
applications, the mutual interactions of Lamb waves in nonlinear elastic plates are
studied in this study;

(2) The Lamb wave mutual interaction theory can be utilized to guide nonlinear
mode selection;

(3) The fatigue damage in the metal plate can be detected by the Lamb wave
mutual interaction.

The remainder of this paper is organized as follows: First, the existence of symmetric
or antisymmetric mode due to Lamb waves mutual interactions is theoretically formulated.
Then an approach is proposed to evaluate the intensity of phase velocity matching for
selecting primary modes. Next, the characteristics of the modulated wave generation are
investigated and demonstrated. Finally, the experiment is carried out on a 3 mm thick
6061-T6 aluminum plate to test the theoretical result and prove the effectiveness of fatigue
damage detection by mutual interaction.

2. Nonlinear Modulation Generation of Lamb Waves
2.1. Lamb Wave Propagation

The wave motion is assumed to take place in the x1x3 plane with propagation in the
x1 direction, as illustrated in Figure 1.
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4

X2
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»

Figure 1. Free-plate schematic showing geometry.

For a given frequency, the displacement fields of the Lamb mode in the complex-value
representation are given by [28].

uy(x1,x3,t) = (ikA cosaxs + BB cos Bxz)elkxi—wh) 1)
us(x1,x3,t) = (—aAsinaxs — ikBsin pxz)el(¥1—«h)

for the symmetric modes, where A and B are given as an eigenvector of

e s’ (3) (6) ?

On the other hand, for the antisymmetric modes,

uq(x1,x3,t) = (ikCsinaxz — BD sin ﬁx3)ei(kxl—wt) -
us(x1,x3,t) = (aC cos axz — ikD cos Bx3)elk¥1—wt)

where C and D are given by [29]
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Here, w and k are the angular frequency and the wave number of the Lamb mode,
respectively. In addition,

Cr and Cr are the longitudinal and transverse wave speeds, respectively,

K

2
C%:7A+ V/C%—,:
p P

A, u are the Lamé parameters.

2.2. The Dispersion Property

Dispersion curves of the 3 mm isotropic aluminum plate are shown in Figure 2. The
mass density (p), Young’s modulus (E), and Poisson’s ratio (v) of the 3 mm isotropic
aluminum plate are 2700 kg/m?, 71 GPa, and 0.33, respectively. As shown in Figure 2, with
a frequency of under 520 kHz, there are only SO and A0 modes. The investigation frequency

is under 520 kHz.
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Figure 2. Dispersion curves of the 3 mm isotropic aluminum plate: (a) phase velocity; (b) group velocity.

2.3. Mutual Interaction

The wave motion is assumed to take place in a stress-free plate of thickness 2 h
(x3 direction) with propagation in the x; direction. Consider the interactions of two Lamb
wave modes u” and u’ propagating in the free plate. The total displacement field can be
decomposed into fundamental and secondary wave fields

u=u +u®,uV = v 4 ub,u® = u" 4 u" 4, (6)

where u™ and u” are the secondary wave fields due to the self-interactions of mode 2 and
mode b, respectively, and u” is the displacement field due to the mutual interactions of the
two modes. The mode interaction problem can be solved by the normal mode expansion
technique of Auld [30]. The secondary solution is written as

S surf | ol
2 1 & ’(pn +Pn )

v (x1,x3,t) = 2 L ap =k Y (43) )

. (ei(kﬂ:i:kb)xl _ eikf,xl)efi(wu:twb)t +c.c. kt # (ka + kb)r
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V(Z)(x1/x3/ t) = % r W"m(’%) (8)
el i) +c.c, ki = (ka £kp),

where vy, is the particle velocity of the mth secondary wave mode at w,; + wy, and P is
the complex power flux in the propagation direction. For a propagating wave, the complex
power flux exists only when m equals n. That is because mode n is orthogonal to all the
other modes except itself, i.e., Pyy. Py f ,and p4”, are interpreted as power fluxes through
the surface and the volume, respectively [22], due to the nonlinear surface traction and

body force exerted by the fundamental waves in the plates. Here,

vol

1 sk
Py = —1Lh(v; Ty 4V T - mpdas, )
pZ"l = 1 ! v - ;dxg,, (10)
2J-n
1 - X3:h
p;urf _ _EV;; -T-n3 , (11)
X3:7h

where T and T are the linear and nonlinear parts of the stress tensor for the mode mutual
interactions, respectively, which can be obtained by [14]

oy, ouj  Ju;
T = A—X5 L 12
1 a 1]+:u<axl +ax] ( )
= A Oug du Juy Ouj Juy ou
T;j = 7371;371 ij+ A+ B)Tx;aTj + C7’;7§51]
B ( ouy duy Juy ou Juy Ju; A Ju; du
2 71;7+8x};8x;l< 51]+B aixiﬁ +ZTk7§ (13)

2 ]
AN (O 04 | ou; Ouj | duy duy
(V+4)(axlaxk+axkaxk+a,. X;

Finally, the nonlinear body force is given by the divergence of the nonlinear stress

foV.T (14)

The quantities in Equation (13) are the real primary displacement field u;; Lamé’s
constant A; the shear modulus y; and the third-order elastic material constants A, B, and C.

The nonlinear forcing terms for mode mutual interaction problems can be obtained by
substituting u” and u’ into Equations (13) and (14) while retaining terms up to the second
order for the nonlinear stress and the nonlinear body forces. Therefore, the nonlinear stress
for the mode of mutual interactions is given by [14]

=M ouf au ouf gub ou? dub ou? dub
1 _ oty o oup 194 ko4 )5
Tl] - (/\ + B) oxy ax + x; 0x; + /\axk oxy +2C5; Oxy 0x] 51]
ouf ou; ou? auf’ B ( ouf Buk ouj auk ouj aul ouj au,
+B(axkax',- + aTc;aTq +2 ox; ox; + ox; ox; + 9xy Oxp + 9x; Oxp 51]
out ul 0wl gub gyt dul 0wl aub  out gub | out aul (15)

+(#+z) Ox; ox; T oxg ox; T oxy axp T oxg o WBTI- ax; I

3
A [ ouf oul | ouf dub ouf? Bu
+4(axkaxll<+ax];axk +0 TXJL +0 ax, ,

and the nonlinear body force for the mode of mutual interaction is given by
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1

(16)

3
~ Ox;

M
j Xj

Equations (15) and (16) give the nonlinear forcing terms for the mode of mutual
interaction, and the result is shown in the Appendix A.
The matrix forms of the nonlinear forcing terms can be written in matrix form as

M [T 0 Ty
T =|0 0 0 (17)
=M =M
T3 0 Tz
M
-M fi
£ =10 (18)

=M
f3
which enables the determination of the possible types of cumulative secondary wave fields
due to guided wave mutual interactions with two Lamb modes.
With regards to Lamb mode secondary wave fields, the power flux from an arbitrary
fundamental mode to a prescribed Lamb secondary mode via the nonlinear stress is given by

M —M x3=h

urf 1 Ti1(x3) 0 Tiz(x3) 0

o :—E{vf(xg) 0 v5(x3)}- MO 0 MO L0 , (19)
T31(x3) 0 Ta3(x3) —

Additionally, the power flux resulting from the nonlinear body force is given by

—M
T P P
P =5 ), i), 003(s)) 17 0 b 0)
f3 (x3)
3. Nonzero Power Flux

From Equations (7) and (8), one of the binding conditions that must be satisfied for the

mutual interactions is nonzero power flux (piwf + p%! # 0) [31]: nonzero power transfer

from the selecting primary waves to the modulated waves should be ensured. For this
purpose, the power flux from symmetric-symmetric, antisymmetric—antisymmetric, or
symmetric-antisymmetric mutual interaction fundamental fields to a prescribed Lamb
secondary mode were analyzed in this study to clarify the existence of symmetric or
antisymmetric mode due to Lamb wave mutual interactions.

As in Ref. [32], similar generic symmetric and antisymmetric functions (S = S(x3) and
A = A(x3), respectively) were defined to investigate symmetries along the x3-axis.

(1) Symmetric-symmetric or antisymmetric-antisymmetric mutual interactions.

When the two mutually interacting fundamental excitations are the same mode
type, the nonlinear forcing terms will have the same symmetry properties as mode self-
interaction, as shown in Refs. [21,32]. Thus,

pfqu + p%! = 0 for secondary antisymmetric Lamb waves

piwf + p¥! # 0 for secondary symmetric Lamb waves

(21)

The results indicate that both a symmetric-symmetric and an antisymmetric-antisymmetric
mutual interaction can excite a symmetric type secondary mode. In contrast, neither a symmetric—
symmetric nor an antisymmetric-antisymmetric mutual interaction can excite an antisymmetric
type secondary mode.
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(2) Symmetric-antisymmetric mutual interaction.

Now, let a fundamental mode a be symmetric Lamb mode and the other fundamental
mode b be antisymmetric Lamb mode, whose displacement field is given in Equations (1) and
(3). Thus, the symmetries of the displacement are given by

uf = S(x3),u§ = A(x3), 1} = A(xs),u} = S(x3) 22)

-M —M
By using these results, the symmetries of v,T ,f are shown in Table 1.

Table 1. The symmetries of velocity and nonlinear forcing terms for different secondary modes from
the symmetric-antisymmetric mode mutual interaction.

—-M —-M
Secondary Mode Type A% T f
. A 0 S A
Symmetric {S0A) 0 0 0 0
Antisymmetric {A0S) S 0 A S

Hence, for secondary symmetric modes, Equations (19) and (20) become

1 rk A 1 h
pzoz:,/ (s 0 a0 dx3:,/ (S-A+A-S)dx3 =0 (23)
2J-n S 2)-n
) A0 ST (o)~ xo=h
Pil‘rfzfi{s 0 A}~ 0 0 0 0 :—E(S.S+A.A) =0 (24)
s oAl 1)]._ o=t
X3——h
Whereas for secondary antisymmetric modes, we obtain
;1 A 1 rh
PZOI*/ {A 0 S}- 0 dx3:7/ (A-A+S-S)dx3 #0 (25)
2)-n S 2)=n
. A0 s (o) [%" ) x3=h
pil =—3{a 0 s}-jo 0 of-J0 = —5(A-5+5-4) 70, (26)
s o4l U, __, S

By summarizing these results, it can be concluded that only symmetric secondary wave
fields can be excited for symmetric-symmetric mode mutual interaction or antisymmetric—
antisymmetric mode mutual interaction, while only antisymmetric secondary wave fields
can be excited for symmetric-antisymmetric mode mutual interaction.

Table 2 lists all the possible secondary wave fields due to Lamb wave mode mutual
interactions.

Table 2. Possible secondary wave fields due to Lamb wave mode mutual interactions.

Fundamental Wave Field Secondary Modulation

Symmetric-symmetric
Antisymmetric-antisymmetric
Symmetric-antisymmetric Antisymmetric

Symmetric
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4. Synchronism Condition

Besides nonzero power flux, synchronism (or phase velocity matching) is the other
binding condition that must be satisfied for the mutual interactions [31]; that is,
ki = (ky £ k,) when f, > f; is assumed.

A parameter k; was employed to evaluate the intensity of phase velocity matching at
different primary frequencies pairs, which is given by

kaw (o fo) = ”k_”(,’j”f")” @)

where ||| is the absolute-value norm; f;, fa, and f;, are the central frequencies of primary
wave b, a4, and modulated wave, respectively. Its value is closer to zero, and the intensity of
phase velocity matching is higher.

In this study, the generation of modulated waves from fundamental modes (S0 mode
and A0 mode) interactions in an aluminum plate (thickness 3 mm, density 2700 kg/m?)
were discussed. Only four mode types satisfy the nonzero power flux condition: AOA0-S0,
5050-S0, SOA0-AO, and A0SO-AQ. Here, SOAO-AO represents the generation of the A0 mode
Lamb wave due to the mutual interactions of SO mode wave a with low frequency and
A0 mode wave b with high frequency. The intensity of phase velocity matching shows that
50S0-S0 and SOA0-AOQ have the potential for a nonlinear modulation test since there are
many pairs that satisfy both phase velocity matching and nonzero power flux condition, as
shown in Figure 3c—f. Contrarily, AOA0-S0 and A0S0-AO cannot generate modulated waves
since phase velocity matching did not occur at any pairs, as shown in Figure 3.
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Figure 3. The modulation plots of AOA0—S0, SOS0—S0, SOA0—AO, A0SO—AO: (a) k;, of AOA0—S0;
(b) k;. of AOA0—SO; (c) k4, of SOS0—S0; (d) k;. of SOSO—SO0; (e) k;z, of SOA0—AO; (f) k;. of SOA0O—AO;
(g) k. of AOSO—AOQ; (h) k;. of AOSO—AO.
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5. Experimental Research
5.1. Experimental Setup

An experiment was carried out on a 3 mm thick 6061-T6 aluminum plate to test the
theoretical result. A fatigue crack was introduced to the specimen by applying a sinusoidal
tensile load of 10 Hz using a fatigue testing machine SDS200. It took about 160,000 cycles to
produce a 30 mm long fatigue crack from the hole at the center of the specimen, as shown
in Figure 4.

Fatigue crack

\ .
g
S

1L
7t

X =
.
g
g
l‘")_.'
- |
I 500 mm
(a)
Fatigue crack
g Tl R1
E N\ - 105 mm !/ %
_r | E— ———T
12/ |- |~
170 mm | R2

(b)

Figure 4. Schematic diagram of the experimental setup: (a) top view (b) front view.

Four identical piezoelectric discs (APC 851) were installed on the specimen, whose
diameter and thickness was 6.6 mm and 0.24 mm, respectively. A dual-PZT scheme was
applied to generate and receive selective symmetric and antisymmetric modes.

The summation of two sinusoidal tone-burst signals enclosed in a Hanning window at
a central frequency of the low and the high frequencies with a 1 ms duration were applied
as input.

The input signal was generated by an arbitrary waveform generation unit (Agilent®
33220A, Santa Clara, CA, USA), then it was amplified to 45 (V) using a linear amplifier (T&C
power conversion, Inc. AG series, Rochester, NY, USA) to drive the PZT actuators. Wave
signals were captured using an oscilloscope (Agilent® DSO50324, Santa Clara, CA, USA) at a
sampling rate of 10 MHz with 25 times averaging. Then the measured signals were analyzed
in the frequency domain by applying a short-time Fourier transform (STFT) up to the first
arrival wave packet.

5.2. Experimental Results

Four pairs (pair A~D) of primary mode were chosen for the demonstration shown in
Figure 3. Details for these pairs are given in Table 3. For the S0S0-S0 type, the synchronism
condition was matched at pair A, and the modulation frequency was 195 + 273 = 468 kHz,
as well as pair B with modulation frequency 456 — 210 = 246 kHz. As shown in Figure 5,
the SO mode modulation is generated at 468 kHz from 195 kHz SO and 273 kHz SO mode
primary waves only when the nonzero power flux and synchronism condition are matched.
In the same way, the SO mode modulation was generated at 246 kHz when both primary
waves at 210 kHz and 456 kHz were SO mode, as shown in Figure 6.
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Table 3. Four pairs of primary mode for the demonstration.
Prima . Theoretical
No. Waves Mo d:y Frequency Synchronism Modulation
a S0 195 kHz
1 b S0 273 kHz Only for f;, + fz S0 mode at 468 kHz
a SO 210 kHz
2 b S0 456 kHz Only for f, — fa S0 mode at 246 kHz
a A0 20 kHz _ A0 mode at 170 kHz
3 b S0 150 kHz Bothfy +foandfy —fo and 130 kHz
a A0 40 kHz
4 b S0 150 kHz None None
10° 10
155 5%
o — 0 S — S0
e A0 e T A0
2 No modulation 2 468 kHz SO
‘= ‘ 78 kHz = | A |
&b 0.5 &b 0.5
p= <4 =
O h-'-'—T.L ) i S Y
50 60 70 80 90 100 240 450 460 470 480

Frequency (kHz) Frequency (kHz)

(@) (b)

Figure 5. The SO mode modulation is generated at 468 kHz only when the nonzero power flux and

synchronism condition are matched (both primary waves at 195 kHz and 273 kHz are SO mode):
(a) No modulation at 78 kHz; (b) SO at 468 kHz.

10°
15>
S ——S0
2 1 246 kHzS0 0o A0
2 F
0.5
>

S——

_____

0240 250 260 270 280
Frequency (kHz)

Figure 6. The SO mode modulation is generated at 246 kHz only when the nonzero power flux and
synchronism condition are matched (both primary waves at 210 kHz and 456 kHz are SO mode).

: 5% 10 }
E " —S0 8 No modulation i
) V| - A0 o 1 110 and 190 kHz | m=——-
'E E 170 kHz A0 E I:
2 ': ’ 5 0.5 ]
< y < |I
E \ ey E y / i

?00 120 140 160 180 200 ?00 120 140 160 180 200
Frequency (kHz) Frequency (kHz)
(a) (b)

Figure 7. The A0 mode modulation is generated at both 130 kHz and 170 kHz from 20 kHz A0 mode
and 150 kHz SO mode, as shown in (a), while no modulation is generated from 40 kHz A0 mode and

150 kHz S0 mode when the synchronism condition is not matched as shown in (b): (a) SO at 130 kHz
and 170 kHz; (b) A0 at 130 kHz and 170 kHz.
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For the SOA0-AOQ type, the synchronism condition was matched at pair C, and the
modulation frequencies are 150 & 20 kHz. Therefore, The A0 mode modulation is generated
at both 130 kHz and 170 kHz, as shown in Figure 7a. On the other hand, the synchronism
condition was not satisfied when f; was shifted to 40 kHz at pair D; therefore, no modulation
was generated, as shown in Figure 7b.

6. Conclusions

In summary, it was demonstrated that only symmetric secondary wave fields could be
generated by symmetric-symmetric or antisymmetric—antisymmetric mode mutual inter-
actions, while only antisymmetric secondary wave fields can be generated by symmetric—
antisymmetric mode mutual interactions. The theory of Lamb wave mutual interaction
can be utilized to guide nonlinear mode selection with a frequency range under 520 kHz.
The fatigue damage in the metal plate can be detected by the Lamb wave mutual inter-
action. The theoretical results agree with that of cumulative harmonic generation [4,32];
therefore, it was shown that the interactions (both self-interactions and mutual interactions)
of two Lamb modes of the same nature (symmetric or antisymmetric) leads to secondary
wave fields that are symmetric modes, while interactions between two modes of opposite
nature lead to secondary wave fields that are antisymmetric modes.

The ability to effectively select primary pairs is also demonstrated by experimental re-
sults. These results are important for the development of nonlinear modulation technology
in nondestructive evaluation (NDE) and structural health monitoring (SHM) applications.
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Appendix A
Appendix A.1 Nonlinear Forcing Terms

The nonlinear forcing terms for the mode mutual interactions of two Lamb modes
can be obtained via Equations (15) and (16) by considering #; = 0 and requiring u; to be
independent of x;. The nonzero terms of the nonlinear part of the first Piola—Kirchhoff
stress for the mode mutual interactions of two Lamb mode fundamental wave fields are
given by

Bx3 axl axl 8x3

T = (3A+6y+2C+6B+2A)321 321 + (y+B+ é) (a”l oy | a“l)

ou ou? duf ou dub
+(A+2C+2B) (8383 + axl axi + Tagﬁ (A1)
A ouf ou
+(A+2y+B+2( Py axga,g)
=M ou? oul ou? gub ou? dul
T = (w5 4) (3a00 + 30 3d o 30, 2t
ouj o ouj o ouf 0 (A2)
A 1§ ou u§ ou uf ou
+(A+2urB 2)( i34+ 3400 20t 2o,
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