o’ .
veel materials
ve w

Article

Temperature Effects on Nonlinear Ultrasonic Guided Waves

Xiaochuan Niu 12

check for
updates

Citation: Niu, X.; Zhu, L.; Yang, W.;
Yu, Z.; Shen, H. Temperature Effects
on Nonlinear Ultrasonic Guided
Waves. Materials 2023, 16, 3548.
https://doi.org/10.3390/
ma16093548

Academic Editor: Francesca Lionetto

Received: 8 April 2023
Revised: 26 April 2023
Accepted: 3 May 2023
Published: 5 May 2023

Copyright: © 2023 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/).

, Ligiang Zhu

1,2,3,#(, Wenlin Yang !, Zujun Yu '* and Haikuo Shen !

School of Mechanical, Electronic and Control Engineering, Beijing Jiaotong University, Beijing 100044, China;
xchniu@bjtu.edu.cn (X.N.); 21121281@bjtu.edu.cn (W.Y.); zjyu@bjtu.edu.cn (Z.Y.); shenhk@bjtu.edu.cn (H.S.)
Key Laboratory of Vehicle Advanced Manufacturing, Measuring and Control Technology, Beijing Jiaotong
University, Ministry of Education, Beijing 100044, China

Frontiers Science Center for Smart High-Speed Railway System, Beijing 100044, China

*  Correspondence: lqzhu@bjtu.edu.cn

Abstract: Nonlinear ultrasonic guided waves have attracted increasing attention in the field of
structural health monitoring due to their high sensitivity and long detection distance. In practical
applications, the temperature of the tested structure will inevitably change, so it is essential to eval-
uate the effects of temperature on nonlinear ultrasonic guided waves. In this paper, an analytical
approach is proposed to obtain the response law of nonlinear guided waves to temperature based on
the semi-analytical finite element (SAFE) method. The plate structure is investigated as a demonstra-
tion example, and the corresponding simulation analysis and experimental verification are carried
out. The results show that the variation trends of different cumulative second harmonic modes
with temperature are distinct, and their amplitudes monotonically increase or decrease with the
continuously rising temperature. Therefore, in the applications with nonlinear ultrasonic guided
waves, it is necessary to predict the changing trend of selected cumulative second harmonics under
the action of temperature and compensate the result for the influence of temperature. The methods
and conclusions presented in this paper are also applicable to other types of structures and have
general practicality.

Keywords: nonlinear ultrasonic guided waves; temperature; cumulative second harmonics; response

law; semi-analytical finite element

1. Introduction

In recent decades, nonlinear ultrasonic techniques have developed rapidly and have
demonstrated great application prospects in the nondestructive testing (NDT) field by some
researchers [1-5]. The nonlinear ultrasonic phenomenon indicates that, if there is a change
in material properties or damage in a waveguide, in addition to the original fundamental
frequency signal, ultrasonic waves will also be accompanied by the production of higher-
order harmonics. High-order harmonics are much more sensitive to small changes in the
structural state than conventional linear ultrasonic waves. The use of nonlinear ultrasonic
characteristics can effectively measure material properties and identify damage levels.

Compared with nonlinear ultrasonic bulk waves, nonlinear ultrasonic guided waves
have obvious benefits in nondestructive assessment and structural health monitoring
because it combines the high sensitivity with the advantages of traditional ultrasonic
guided waves [6-8]. Due to the above reason, nonlinear ultrasonic guided waves have
received great attention in recent years, and relevant research has been carried out and
made considerable strides. Liu [9] presented a non-elliptical probability imaging method
based on nonlinear ultrasonic guided waves, which can be used to accurately detect the
delamination damage in an anisotropic composite plate and display the damage location.
Zhao [10] adopted the third harmonics of nonlinear Lamb waves to attain early fatigue
damage detection in aluminum alloys. Niu [11,12] proposed a method to detect the
neutral temperature in continuous welded rails by applying nonlinear ultrasonic guided

Materials 2023, 16, 3548. https:/ /doi.org/10.3390/mal6093548

https:/ /www.mdpi.com/journal /materials


https://doi.org/10.3390/ma16093548
https://doi.org/10.3390/ma16093548
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0002-7396-6346
https://orcid.org/0000-0002-5436-6660
https://doi.org/10.3390/ma16093548
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma16093548?type=check_update&version=2

Materials 2023, 16, 3548

20f17

waves. Hoda [13] investigated the application of nonlinear ultrasonic guided waves as
a nondestructive evaluation method in detecting local corrosion of steel plates. Lee [14]
studied the fatigue crack detection of steel joints subjected to tensile fatigue loading based
on nonlinear ultrasonic guided waves. Yu [15] developed a new type of transducer based
on nonlinear ultrasonic guided waves for detecting the damage in welded joints.

In existing studies, the influence of temperature on ultrasonic nonlinearity is not
always considered in the setting of detection conditions. Since the amplitudes of high-
order harmonics are very small relative to the fundamental frequency waves, the effects of
temperature may cover up the change in material characteristics, which may cause a great
deviation in experimental conclusions, especially in some application scenarios, such as the
thermal stress detection in continuous welded rail. At present, there are few studies on the
response law of ultrasonic nonlinearity with temperature.

Nucera [16] studied ultrasonic nonlinearity in constrained steel blocks under thermal
stress and concluded that temperature has no effect on nonlinear ultrasonic bulk waves.
Later, through theoretical derivation and experimental verification, Niu [17] demonstrated
that temperature has a significant impact on nonlinear ultrasonic bulk waves. Zhao [18]
studied the effects of temperature on ultrasonic nonlinear parameters in carbonated concrete
and reached the same conclusion. Chillara [19] detected the change of the relative ultrasonic
nonlinear parameter in a heated steel plate and found that the relative ultrasonic nonlinear
parameter gradually increased with the increase of temperature. However, the research
objects of articles [16-18] are nonlinear ultrasonic bulk waves, and article [19] lacks detailed
theoretical derivation. At present, there is still a lack of exhaustive analysis about the
influence of temperature on nonlinear ultrasonic guided waves.

Moreover, unlike nonlinear ultrasonic bulk waves, the main application difficulty of
nonlinear ultrasonic guided waves is the excitation of desired cumulative second harmonics.
The cumulative second harmonics represent the second harmonics whose amplitudes rise as
the propagation distance grows. The available articles [20,21] have defined the generation
conditions of cumulative second harmonics, that is, phase velocity matching and non-
zero power flow. In addition to the above conditions, group velocity matching was also
proposed by Bermes [22] as a necessary factor for exciting cumulative second harmonics.
Deng [23] later proved that group velocity matching is not an essential condition. However,
because of the multi-modal characteristics of nonlinear ultrasonic guided waves, the mode
combinations that meet the preceding requirements are not single, which leads to multiple
cumulative second harmonic modes in the actual experiment process. If the influence of
temperature on different cumulative second harmonic modes is not identical, and several
cumulative second harmonic modes are excited and overlap in the received signal, the
calculation of the relative nonlinear coefficient will be jointly affected by the amplitude
changes of different second harmonic modes. The above problem was also not considered
in article [19]. Therefore, it is necessary to proceed with an intensive study on the variation
patterns of different second harmonic modes under temperature effects.

This paper presents the systematic and comprehensive analysis of the response law
of different second harmonic modes in plates with the change of temperature. Firstly, the
amplitude parameter is described and introduced to characterize the amplitude of the
cumulative second harmonic mode, and all possible mode combinations that may generate
cumulative second harmonics are obtained. Then the response law of different second
harmonic modal amplitudes under temperature is studied. Finally, relevant simulation
and physical verification experiments are designed, and the simulation and experimental
results are consistent with the theoretical result.
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2. Nonlinear Ultrasonic Waves Equation and Amplitude Parameter

When ultrasonic waves propagate in the waveguide medium, it is supposed that the
displacement of microscopic particles u in the medium is [24]:

where u(®) and u(® represent particle displacement induced by the linear and nonlinear
material characteristics of the waveguide, and ‘u(l) ‘ >> ‘u(z) ’ After theoretical derivation

and simplification, the wave equation and boundary condition of nonlinear ultrasonic
waves can be expressed as follows [25]:

A+ p)uyi® + o + FO = i, @)

SL(Z)HJ_ = —SNL(l)nJ_ onS, 3)

where A, u are the Lame’s elastic coefficients, p is the material density, F indicates the body
force tensor, S indicates the first Piola-Kirchhoff stress tensor, SL and SN indicate the

linear and nonlinear parts of S respectively, F(1) = F(u(l)), sL(@ =gl (u(z)), SNE() —

SNL (u(l)), u = %%‘, u; i = %, i,j,k = x,y,z, n, is the unit vector of the coordinate
axis, and S represents the surface of the waveguide.

Auld applied the mode expansion method to solve Equations (2) and (3) [26] and
obtained the expression of the second harmonic displacement u(®). The formula of u® is
as follows:

N .
u® =Y Ay (x)uge 2t e, (4)
n=1

where u,, is the mode shape of the nth second harmonic mode, N represents the number of
second harmonic modes, c.c. represents the complex conjugates, x is the propagation dis-
tance, w is the angular frequency, ¢ is the propagation time, and A, (x) is the corresponding
second harmonic amplitude equation.

The calculation formula of A,(x) is:

S TR WO VA BRI S U S0 PR A
Ap(x) = { 2Pun(k™=28) (2( " )) k' # .

5)
surf vol . (
fn 41;;{[71 erka,kn* =2k

where Py, is the mean energy flux density in the propagation direction, f,iurf and f2!
represent the complex energy caused by surface stress and volume stress respectively,
k is the wave number, k;,* is the complex conjugate of wavenumber about the nth second
harmonic mode, and k; is the wave number of the fundamental frequency mode.

The formulas of Py, ,slwf ,and ff{"l are as follows:

1 T* L
Pun = =3 / WaT" T h) - mad, ©)
Q
Zurf _ / (VnT* . S(1)NL) . HdS, (7)
S
w0l _ / v, Fy)d0, @®)
Q

where T(n)L = Tl (uy,), S(l)NL = SNL(u, (1), Fq) = F(u,1)), v, is the velocity vector of
the nth second harmonic mode, u,(!) is the mode shape of the fundamental frequency
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mode, ny is the unit vector in the x direction, n is the unit vector perpendicular to the
surface, and () is the cross-sectional. In the light of Equation (5), the cumulative behavior
of the generated second harmonic mode occurs only when the following requirements are
met [20,21]:
Phase velocity matching : cpn = cp ©)
Non — zero power flow : f,**"f + f,%! £ 0’

where ¢, represents the phase velocity of the nth second harmonic mode, and ¢ rep-
resents the phase velocity of the fundamental frequency mode. Phase velocity matching
condition requires that the phase velocities of the fundamental frequency mode and the
second harmonic mode be equal. A non-zero power flow condition means that the power
flow transmitted from the fundamental frequency mode to the second harmonic mode
is not zero. Since it is still controversial whether the group velocity matching condition
needs to be satisfied to produce cumulative second harmonics, the group velocity matching
condition is not studied in detail in this paper.

The second harmonic amplitude equation A, (x) decides the amplitude of the second
harmonic mode signal, and the larger the amplitude equation, the higher the amplitude
of the corresponding second harmonic mode [26]. For a certain mode combination of the
fundamental frequency mode and the second harmonic mode that can generate cumulative
second harmonics, when the propagation distance is fixed, the amplitude parameter of the
cumulative second harmonic mode can be defined as:

o |fnsurf +fnvol

An = 4Pnn (10)

The amplitude parameter A, can be employed to characterize the corresponding amplitude
of the second harmonic mode. Under the same propagation distance, the magnitude of A

depends on the values of Py, f,iwf and f2°. In order to get the values of P, ff,wf and f2°,
S(l)N L F(;)and T(H)L need to be calculated. After theoretical derivation, the calculation

formula of T, L S NL and F(1) are documented in Appendix A. From Appendix A, it can
be seen that the values of T(n)L, S(l)N L'and F(y) are directly related to u, M and u,. When

the fundamental frequency mode shape u,(!) and the second harmonic mode shape u,, are
introduced into Equation (10), the amplitude parameter A, corresponding to the mode
combination can be calculated.

In existing articles about nonlinear ultrasonic waves, the relative nonlinear coefficient
B is usually used to measure the change in material properties. The equation for f§ is:

Az

P= a2 (11)
where A; and A; represent the amplitudes of the fundamental frequency and the sec-
ond harmonic signal. Since the amplitude of the fundamental frequency mode will not
change during theoretical derivation, the value of B is mainly determined by the ampli-
tude of the second harmonic mode. Therefore, there is a positive correlation between A,
and B. The variation law of A, in theoretical derivation can reflect the change of 8 in
physical experiments.

3. Response Law of Nonlinear Guided Waves to Temperature

According to the above analysis, the value of A, is directly decided by the mode shapes
of un(l) and u,. When the mode combination of the fundamental frequency mode and
the second harmonic mode is determined, the amplitude coefficient A, is also confirmed.
Compare A, under different temperatures, the response law of the second harmonic modes
with temperature can be theoretically derived.
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3.1. Selection of Mode Combination

In this paper, the semi-analytical finite element (SAFE) method is adopted to deal with
mode shapes, and the plate structure is taken as the research object. The reason for choosing
the plate structure as the verification object is that there are few ultrasonic guided wave
modes propagating in the plate, there are clear analytical solutions of ultrasonic guided
waves in the plate, and it is convenient to carry out physical experiments.

Assuming there is an infinite-width steel plate model, the plate width along the y
direction is infinite, and the plate thickness along the z direction is 15 mm. The propagation
direction of guided waves is the x direction. One-dimensional three-node elements are used
to discretize the cross-section of the model, and each node has three degrees of freedom.
The material parameters of the plate are shown in Table 1.

Table 1. The material parameters of the steel plate model.

. Elastic . . Poisson Third-Order Elastic
Density Modulus Lame Coefficients Ratio Coefficients
p(kg/m3) E (GPa) A (GPa) u (GPa) v A (GPa) B (GPa) C (GPa)
7932 200 115.38 76.93 0.3 -340 -647 -17

Based on Hamilton’s theory, the general wave equation can be reduced to [27,28]:
Ky + kK + kK3 — sz} u=0, (12)

where M is the mass matrix, K;, K, and K3 are the element stiffness matrices. Equation (12)
can be solved as a linear generalized eigenvalue problem with a given wavenumber. The
eigenvalue is w?, and the eigenvector is mode shape u. After getting the relationship
between mode shape, wavenumber, and angular frequency, the dispersion curves of phase
velocity C, and group velocity Cg can be drawn. The calculation formulas for phase velocity
Cp and group velocity Cq are as follows:
w dw
Cp= ?,Cg =7 (13)
The phase velocity and group velocity dispersion curves of ultrasonic guided wave in
isotropic free steel plate are depicted by MATLAB R2021a software, as shown in Figure 1.
Every data point in Figure 1 indicates one mode, and fd is the frequency-thickness product.
From Figure 1, the phase velocity, group velocity, and mode shape of each ultrasonic guided
wave mode can be acquired.

6000 : —
'IIV/“v,“
g 'é'%v“f!' RRIEE
) i ‘f“ ‘.'eav'i‘,/-v/"
& 40001 | gwm‘ ' / '/A’l’l
EE DML m b 'rm
=]
2
a 2000
E
]
10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
fd (MHz-mm) fd (MHz-mm)
(a) (b)

Figure 1. Phase velocity and group velocity dispersion curves: (a) Phase velocity dispersion curves;
(b) Group velocity dispersion curves.
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In order to investigate the influence of temperature on different cumulative second
harmonics, it is necessary to first clarify the mode combinations that can generate cumula-
tive second harmonics. In this paper, the ultrasonic excitation frequency is set as 2.5 MHz
and the received frequency is 5 MHz. In terms of the principle in Equation (9), all the
mode combinations that can produce cumulative second harmonics at 37.5 MHz-mm and
75 MHz-mm in Figure la are selected. Substitute the mode shapes of each mode com-
bination into Equation (10) to calculate the value of A, the relevant values of all mode
combinations are shown in Table 2 [12].

Table 2. The relevant values of mode combinations.

Number 1 2 3 4 5

fd (MHz-mm) 37.5 75 37.5 75 37.5 75 37.5 75 37.5 75
Cp (m/s) 3144 3141 3144 3144 3154 3160 3171 3180 3195 3206
Cg (m/s) 3013 2771 3013 3505 1372 2741 1294 2617 1361 2706
A, (x107) 0 0 0 0 0
Number 6 7 8 9 10

fd (MHz-mm) 37.5 75 37.5 75 37.5 75 37.5 75 37.5 75
Cp (m/s) 5904 5908 3171 3169 3144 3147 3195 3192 3933 3920
Cg (m/s) 2132 4917 1294 2744 3013 2765 1361 3142 1088 2492
A, (x107) 0 21.93 5.03 31.61 321.66
Number 11 12 13 14 15

fd (MHz-mm) 37.5 75 37.5 75 37.5 75 37.5 75 37.5 75
Cp (m/s) 3448 3458 3227 3223 3267 3263 3316 3315 3376 3382
Cg (m/s) 1271 2331 1343 2728 3013 2644 1303 2581 1275 2488
A, (x107) 37.08 54.08 82.13 113.38 133.26

It can be found from the data in Table 2 that, mode combinations 1-15 all satisfy the
phase velocity matching condition, and the A, of mode combinations 7-15 are not zero.
So only mode combinations 7-15 can produce cumulative second harmonics. At the same
propagation distance, the amplitudes of cumulative second harmonics modes produced
by different mode combinations are not the same. Since the amplitude parameter A, of
mode combination 10 is the maximum, the cumulative second harmonic mode produced
by mode combination 10 has the highest amplitude.

After determining the mode combinations, by substituting the related mode shapes
under different temperature conditions into Equation (10), the variation of A, with tem-
perature reflects the response law of the cumulative second harmonic modal amplitude
with temperature.

3.2. Theoretical Analysis Result

Presume the steel plate model is under normal situations and simply influenced by
temperature. The temperature change range of the steel plate is —20 °C to 60 °C and the
temperature rises by 5 °C each time. The normal atmospheric temperature is set at 20 °C.
As the steel plate temperature rises from —20 °C to 60 °C, the material parameters E, A and
u all change depending on the temperature state, and v will not change during the entire
process. When the plate model is at different temperature statuses, the current material
parameters are listed in Table 3. Based on the data in Table 3, K;, K3, K3 and M at a certain
temperature can be calculated. Equation (12) is converted to the following expression when
the temperature of the plate model is T:

K; + ikKy + K2Kz — w’M u=0. (14)



Materials 2023, 16, 3548

7 of 17

10,000

Cp (m/s)

8000

6000

4000

2000

By solving Equation (14), the dispersion curves and mode shapes of ultrasonic guided
waves at certain temperature states are acquired. The phase velocity dispersion curves
at the temperature of T = 20 °C and T = 60 °C are shown in Figure 2a. The blue curve
in Figure 2a represents the dispersion curve when the temperature is not applied, that
is, the steel plate temperature is T = 20 °C. The red curve in Figure 2a represents the
dispersion curve when the steel plate temperature is T = 60 °C. Magnify the dispersion
curves in the circle in Figure 2a, as shown in Figure 2b. It can be seen from Figure 2b
that when the temperature of the plate increases, the phase velocity of the ultrasonic
guided waves mode decreases with the increase in temperature. On the contrary, when the
temperature decreases, the phase velocity increases. After the application of temperature,
the corresponding mode shapes of the ultrasonic guided waves undergo partial changes.

Table 3. The material parameters at different temperature statuses.

T(O E (GPa) A (GPa) u (GPa) v
60 °C 198 114.23 76.15 0.3
55 °C 198.25 114.38 76.25 0.3
50 °C 198.5 114.52 76.35 0.3
45°C 198.75 114.66 76.44 0.3
40 °C 199 114.81 76.54 0.3
35°C 199.25 114.95 76.63 0.3
30°C 199.5 115.1 76.73 0.3
25°C 199.75 115.24 76.83 0.3
20°C 200 115.38 76.93 0.3
15°C 200.25 115.53 77.02 0.3
10°C 200.5 115.67 77.12 0.3
5°C 200.75 115.82 77.21 0.3
0°C 201 115.96 77.31 0.3
-5°C 201.25 116.11 774 0.3

-10°C 201.5 116.25 77.5 0.3

-15°C 201.75 116.39 77.6 0.3

-20°C 202 116.54 77.69 0.3

, , , 2700
20 40 60 80 4 5 6 7 3
fd (MHz-mm) fd(MHz-mm)
(a) (b)

Figure 2. Phase velocity dispersion curves at different temperatures in steel plate: (a) Phase velocity
dispersion curves; (b) Partial enlarged drawing.

By obtaining different dispersion curves and mode shapes of the steel plate model
under temperature, the change curves of amplitude parameters A, of different mode com-
binations can be approximately described. Due to the proven ability of mode combinations
7-15 to generate cumulative second harmonics, mode combinations 7-15 are selected as
the analysis objects in this section. The second-order curves are used to fit the change
curves about A,, of mode combinations 7-15, and the theoretical analysis result is shown in
Figure 3.
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Figure 3. Amplitude parameters vs. temperature curves.

In Figure 3, the red star data points represent the amplitude parameters A, of mode
combinations, and the black curves show the change trends of A,,. As shown in Figure 3,
there are only two obvious tendencies in all the variation curves, monotonically increasing
or monotonically decreasing. In the vary course of steel plate temperature rises from
—20 °C to 60 °C, the amplitude parameters of mode combinations 8, 10, and 11 decrease
gradually, while the amplitude parameters of mode combinations 7, 9, 12, 13, 14, and 15
increase gradually. The variation curve of the amplitude parameter indicates the changing
trend of the corresponding cumulative second harmonic amplitude. Since there is only a
temperature variable in the theoretical derivation process, the result in Figure 3 shows the
response law of nonlinear ultrasonic guided waves under temperature action.

The theoretical results in Figure 3 present that, for different mode combinations, the
cumulative second harmonic amplitudes produced by them exhibit different change trends
in the same temperature change process, which are monotonically decreasing or increasing.
In Figure 3, some data points are inconsistent with the overall vary tendency. The above
phenomenon is caused by a fitting error when using the second-order functions to fit curves.
The research purpose of this paper is to distinguish the variation trends of cumulative
second harmonics with temperature, rather than obtaining an exact relationship equation.
The presence of these data points will not affect the overall change trend prediction.

It is worth emphasizing that the mode combination selection method proposed in
this paper is also applicable to other structures with arbitrary complex cross-sections and
has a wide range of structural applicability. Through establishing the corresponding finite
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element model, the mode combinations that can generate cumulative second harmonics in
the waveguide will be obtained, and further research about the influence of temperature or
stress can be developed.

4. Simulation Experiments

In order to verify the correctness of the theoretical result, three-dimensional (3D)
simulation experiments are conducted based on ABAQUS 2021 software. The finite ele-
ment method (FEM) is a widely employed method in the field of structural imperfection
detection [29], and it also exhibits obvious advantages in analyzing complex geometric
structures [30] and providing reliable opinions on the nonlinear characteristics caused by
defects. To further improve the reliability of numerical simulation results, 3D FEM has
been applied to nonlinear ultrasonic research. Guan [31] dissected the contact acoustic
nonlinearity in a cracked pipe model through a finite element analysis. Xu [32] established
a 3D fatigue crack growth model based on contact acoustic nonlinearity to predict the
continuous growth of the identified fatigue cracks along the length and depth. Lee [33]
undertook the 3D simulation of nonlinear ultrasonic waves for fatigue damage detection
using the precise fatigue crack trajectory. The 3D FEM simulation of nonlinear ultrasonic
guided waves is also explored in this section.

By analyzing the data in Table 2, it can be found that cumulative second harmonic
amplitudes excited by mode combinations 10 and 15 are the largest. More importantly,
the change tendencies of the amplitude parameters of the two combinations are opposite
with increasing temperature. The amplitude parameter of mode combination 10 increases
monotonously, while the amplitude parameter of mode combination 15 decreases
monotonously, which can form a good contrast. Therefore, mode combinations 10 and 15
are selected as the excitation and received second modes in verification tests. The mode
shapes of mode combinations 10 and 15 are obtained by solving Equation (12), as shown in
Figure 4.

7.5 — r T 7.5 -
——
6 — | 6 | cmm— E
—
A= 1 R ——— 1
] = —
g 2t e | s _——— {
e = e —
g o — o —
i) I — 1 2 oo —_—
ﬁ 4+ 8 i 4+ — |
—_— —
-6 r e S— 1 -6 ——
-
-1.5 : - . -71.5 : .
-0.1 -0.05 0 0.05 0.1 -0.1 -0.05 0 0.05 0.1
Displacement (mm) Displacement (mm)
(@ (b)
7.5 \ 7.5
6l — 6
L
4 —— 4
E - g
g 2 — é 2
‘; - -
0 — 2 0
g - =
S -2r — E 2
= -— =
-4t — -4
S —
-61 — -6
1.5 n . -7.5
-0.1 -0.05 0 0.05 0.1 -0.1 -0.05 0 0.05 0.1

Displacement (mm) Displacement (mm)

(0) (d)

Figure 4. The mode shapes of ultrasonic guided waves in plate model: (a) The fundamental mode of
mode combination 10; (b) The second harmonic mode of mode combination 10; (c) The fundamental
mode of mode combination 15; (d) The second harmonic mode of mode combination 15.
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In order to excite the selected second harmonics, the critical angular refraction method
is used for ultrasonic excitation. The excitation and reception of the selected ultrasonic
guided wave modes can be achieved by changing the incidence and acceptance angles. The
incidence and acceptance angles 6 of ultrasonic waves satisfy Snell’s theorem, which is the
following:

sin 0/ Cglass = sin90°/Cp, (15)

where Cgass represents the propagation velocity of the ultrasonic guided wave in organic
glass and Cgjass = 2740 m/s. The phase velocities C; of mode combinations 10 and 15
are Cp1 = 3933 m/s and Cpy = 3376 m/s. The incidence and acceptance angles of mode
combinations 10 and 15 can be obtained by solving Equation (15), 6; = 44° and 6, = 55°.

4.1. Model Establishment

The size of the established plate model is 100 mm X 5 mm X 15 mm, and the material
parameters of the plate are consistent with the theoretical model. The plate model is
discretized by hexahedral elements through ABAQUS software, and the mesh size should
meet the following formula:

< Amin _ l CP
- 10 10 finax”

where [ is the mesh size, fmax is the maximum excitation frequency, and Ay, is the cor-
responding minimum wavelength. Based on the data in Table 2, it can be calculated that
I < 0.135 mm, so the mesh size of the model is determined to be 0.13 mm. To avoid
interference from reflected signals, an absorption boundary with a width of 0.5 mm is set
around the periphery of the plate, which is achieved by setting infinite elements at the
model boundary. The model element type is set to C3D8R, and the absorption boundary
element type is set to CIN3DS.

A 20-cycle sine wave pulse signal modulated by a Hanning window is used as the
ultrasonic excitation signal, and the center frequency of the signal is 2.5 MHz, as shown in
Figure 5. The initial distance between the excitation position and the receiving position is
30 mm. According to the MOSER principle, the integration time step is set to 2 x 1078 s
and the analysis step time is set as 0.00012 s.

2_ I MM M"I |

(16)

[a—

Amplitude (V)
=

1
[y
T
[
[

LA

il

0 0.2 0.4 0.6 0.8 1
Time (s) %1073

1
N

Figure 5. Excitation signal diagram.

4.2. Simulation Analysis Result

Maintain the incidence angle 6; = 44° at the excitation node, and the received signal
of mode combination 10 is shown in Figure 6a. Apply the Fast Fourier transform (FFT)
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Amplitude (V)

Amplitude (V)
o

on the received signal to abstract the fundamental frequency and the second harmonic
signals. The natural logarithm of the spectrum analysis result is shown in Figure 6b, and
there is a significant second harmonic at the frequency of 5 MHz. Gradually increase
the propagation distance between the excitation and receiving positions, and calculate
the corresponding relative nonlinear coefficient . The change of the relative nonlinear
coefficient 8 is shown in Figure 6¢. Change the incidence angle 6, = 55°, and repeat the
above simulation experiment. The simulation result of mode combination 15 is shown
in Figure 7. The star data points in Figures 6¢ and 7c represent the relative nonlinear
coefficient. The variation curves in Figures 6¢c and 7c show that the relative nonlinear
coefficients all increase with increasing propagation distance, indicating the generation of
cumulative second harmonics.
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Figure 6. Simulation result of mode combination 10: (a) Received signal diagram; (b) Spectrum
analysis result; (c) Relative nonlinear coefficient vs. propagation distance curve.
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Figure 7. Simulation result of mode combination 15: (a) Received signal diagram; (b) Spectrum
analysis result; (c) Relative nonlinear coefficient vs. propagation distance curve.

Apply temperature field influence to the model through ABAQUS software. The
temperature field gradually increases from —20 °C to 60 °C with a change interval of
5 °C, and when the model is in different temperature states, modify the model material
parameters according to the data in Table 3. Calculate the relative nonlinear coefficients
of mode combinations 10 and 15 at different temperature conditions, and the simulation
result is shown in Figure 8. The star data points in Figure 8 represent the relative nonlinear
coefficient. It can be seen from Figure 8 that the relative nonlinear coefficient of mode com-
bination 10 increases with increasing temperature, while the relative nonlinear coefficient
of mode combination 15 decreases with increasing temperature. The above simulation
result is consistent with the theoretical result in Figure 3d,i. The 3D FEM can provide clear
simulated ultrasonic signal waveforms and calculate relative nonlinear coefficients, which
can be directly contrasted with physical verification experiments.
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Figure 8. Simulation result of relative nonlinear coefficient vs. temperature: (a) Mode combination
10; (b) Mode combination 15.

5. Physical Demonstration Experiments

The relevant physical demonstration experiments are projected on a steel plate. The
size of the steel plate is 2 m x 20 cm X 15 mm. The material parameters of the steel plate are
the same as those in Table 1. The incidence and acceptance angles of ultrasonic excitation
and receiving transducers can be adjusted. The center frequencies of the excitation and the
receiving ultrasonic transducers are 2.5 MHz and 5 MHz. In the experiments, the excitation
and reception of ultrasonic guided waves signal are realized by adopting RITEC RAM-5000
SNAP nonlinear high-energy ultrasonic testing system, the testing system is shown in
Figure 9a. The longitudinal wave transducers are placed on the steel plate, as shown in
Figure 9b. The excitation signal still adopts the 20-cycle sine wave pulse signal modulated
by the Hanning window.

Figure 9. Testing system: (a) RITEC RAM-5000 SNAP; (b) Longitudinal wave transducers.

With the same excitation amplitude, adjust the inclination angle of transducers, and
the selection of mode combination is changed. Set the incidence and the acceptance angles
61 = 44°, the received signal about mode combination 10 is shown in Figure 10a, and the
natural logarithm of the spectrum analysis result is shown in Figure 10b. It should be
noted that, owing to multi-modal characteristics, the generated second harmonics may
not be unique, but only cumulative second harmonics play a dominant role. In the test
to check whether the second harmonic signal generated by mode combination 10 is the
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cumulative second harmonic, the propagation distance gradually increases from the initial
95 mm to 155 mm. When the propagation distance increases by 10 mm, 200 samples are
collected through the testing system, and the average value and standard deviation of the
relative nonlinear coefficient B are calculated. The change curve of § with the increasing
propagation distance is shown in Figure 10c. Change the angles of excitation and receiving
transducers 6, = 55°, and repeat the above experiment. The experimental result of mode
combination 15 is shown in Figure 11.
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Figure 10. Experimental result of mode combination 10: (a) Received signal diagram; (b) Spectrum
analysis result; (c) Relative nonlinear coefficient vs. propagation distance curve.
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Figure 11. Experimental result of mode combination 15: (a) Received signal diagram; (b) Spectrum
analysis result; (c) Relative nonlinear coefficient vs. propagation distance curve.

The experimental result in Figures 10c and 11c shows that the detected relative nonlin-
ear coefficients both rise with the increasing distance, which illustrates that mode combi-
nations 10 and 15 all can produce cumulative second harmonics. The relative nonlinear
coefficient measured by mode combination 10 is larger than that of mode combination 15, in-
dicating that mode combination 10 can excite the cumulative second harmonic with higher
amplitude. The above experimental result is consistent with theoretical and simulation
conclusions, which proves the accuracy of the mode combination selection method.

After completing the above experimental operation, place the steel plate in a tem-
perature control box. The temperature control box in this paper is originally used to heat
rail, but in this section, it is applied to change the temperature of the steel plate. The air
temperature in the temperature control box can be adjusted through the control panel. The
temperature of the steel plate can reach a maximum of 60 °C and a minimum of -20 °C
through the temperature control box. The temperature control box is shown in Figure 12a.
The contact temperature sensor is used to monitor the temperature of the steel plate with a
propagation distance of 145 mm. The block diagram of the physical experimental system is
shown in Figure 12b.
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Figure 12. Physical verification experimental system: (a) Experimental temperature control box;

(b) Block diagram of the physical experimental system.

Since the viscosity of common coupling gel will change greatly during the heating
process, which will affect the transmission of the ultrasonic signal, AB mucilage is adopted
as ultrasonic coupling gel in the experiments. The solidified AB mucilage has no viscosity,
and the effects of temperature on it can be ignored. The average time for the steel plate
temperature to increase by 1 °C is 30 min. When the temperature of the steel plate rises by
5 °C, 200 samples are collected through the testing system at high speed for less than 1 min,
so the measured relative nonlinear coefficient in this time stage can indicate the ultrasonic
nonlinear state at this temperature. Calculate the average value and standard deviation of
the relative nonlinear coefficient j at different temperatures and obtain the change curve of
B with temperature, as shown in Figure 13.
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Figure 13. Experimental result of relative nonlinear coefficient vs. temperature: (a) Mode combination
10; (b) Mode combination 15.

From the change curves in Figure 13, it can be observed that the relative nonlinear
coefficients of mode combinations 10 and 15 have the opposite change trends during the
same heating process. The relative nonlinear coefficient of mode combination 10 increases
monotonically, while that of mode combination 15 decreases monotonically. The physical
experimental result is consistent with the theoretical derivation and simulation analysis
result, which proves the accuracy of the variation law.

The experimental result indicates that temperature has a significant impact on nonlin-
ear ultrasonic guided waves propagating in metal waveguides, and even a temperature
variation of 5 °C can cause a clear change of relative nonlinear coefficient. Consequently,
when conducting research about nonlinear ultrasonic guided waves, it is necessary to
obtain the influence of temperature on the selected cumulative second harmonic in advance
and correct the test result accordingly.
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6. Conclusions

Nonlinear ultrasonic guided waves have demonstrated excellent application potential
in the current NDT research field, but the diversity and complexity of the modal response
to temperature restrict the related applications. In this paper, plate structure is selected as
the research model and the temperature effects on nonlinear ultrasonic guided waves are
methodically and comprehensively analyzed. The main contributions are as follows:

(1) An accurate and clear method for identifying the response law of different cumu-
lative second harmonics to temperature is described in detail. Through calculating
amplitude parameters based on the SAFE method, the mode combinations of the
fundamental frequency mode and the second harmonic mode in the waveguide that
can generate cumulative second harmonics can be confirmed, and the magnitudes
of different cumulative second harmonic modes are quantified. The variation law
of nonlinear guided waves to temperature is further determined by analyzing the
amplitude parameters at different temperature states.

(2) The theoretical derivation result indicates that temperature has significant effects on
nonlinear ultrasonic guided waves. When the temperature of the steel plate increases
monotonically, the variation trends of relative nonlinear coefficients about different
cumulative second harmonic modes are not the same, showing monotonically increas-
ing or decreasing. Therefore, in the research and experiments of nonlinear ultrasonic
guided waves, especially when the temperature range of the tested object is large,
such as the detection of thermal stress in rail, necessary temperature compensation
or identification must be carried out on the detection result; otherwise, the incorrect
result may be obtained.

(3) The methods and conclusions proposed in this paper are also appropriate for the
waveguide with complex cross-sections and have universal applicability. By combin-
ing the 3D FEM, the further study of nonlinear ultrasonic guided waves under the
influence of other types of defects, such as micro-cracks and corrosion creep, can be
developed. The main obstacle in practical application is the separation and extraction
of specific second harmonic modes in complex cross-sectional structures, and more
work is needed to achieve the above goals.
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Appendix A
The calculation formula of S(l)N L F() and T(n)L are reduced as follows:
A—T—T A__T_T___ A—T—
Sj"t=1%(a a )+ (u+%)(a-a +a ata-a)+3(b -b) (A1)
-2 -T — T - - _7 _

+CT-b) +3( b+b L-b)+B(I-b)a +(A+B)(I;-b)a



Materials 2023, 16, 3548 16 of 17

sy n! 2.1
- - ] iyu n| - 937
a= [%un(l) %un 1 azun(l)]/b = %un(l) , € = agi’zun(l ,d = aayzun(l) ’
ayaz
20
2 2 2 L 0z Tn -
o [remV mw smwM] D [2w,07] 2y,
e = |ym® L@ w0 = | 20,07 m= | Tu |,
2 u, M %Zunm %un(l) %un(l)T Lu,
n= [a‘%un %un %un}, f= [%un(l) + %un(l) + %un(l)],
g= (w0 Zou w0 Fa 0 Fy, 0 a0 E 0 2,0 Ey, 0],
11:[100010001],
[1 0 0000 0 0 O]
00 01O0O0O0TO0OTO
00 0O0O0OO0ODTTO0OO
010 0O0O0O0O0OTO 1 001 001O0DO0
L=(0 000100O0O0UO0,={0100100 1 0f,
000 O0O0O0ODO0OT1TFPO 0O 01 00 1O0O0T1
001 00O0O0O0O0
00 0 O0O0OT1TO0O0TO0
000 O0O0O0ODO0OTUO0ODT1
i 100010001000000000
and; =|1000100000010001000
0000001T000D0D0OD0O1TO0O0O0T1

References

1. Yan, X.L.; Wang, H.P;; Fan, X.Z. Research Progress in Nonlinear Ultrasonic Testing for Early Damage in Metal Materials. Materials
2023, 16, 2161. [CrossRef]

2. Das, TK.; Jesionek, M.; Kepiriska, M.; Nowak, M.; Kotyczka-Morariska, M.; Zubko, M.; Miyriczak, ].; Kopczynski, K. Sbl3-35g: A
Novel Promising Inorganic Adducts Crystal for Second Harmonic Generation. Materials 2023, 16, 1105. [CrossRef]

3. Yin, Z.; Tie, Y.; Duan, Y.C.; Li, C. Optimization of Nonlinear Lamb Wave Detection System Parameters in CFRP Laminates.
Materials 2021, 14, 3186. [CrossRef]

4. Kim, Y;; Choi, S.; Jhang, K.Y.; Kim, T. Experimental Verification of Contact Acoustic Nonlinearity at Rough Contact Interfaces.
Materials 2021, 14, 2988. [CrossRef] [PubMed]

5. Lissenden, C.J. Nonlinear ultrasonic guided waves-Principles for nondestructive evaluation. J. Appl. Phys. 2021, 129, 021101.
[CrossRef]

6.  Wu, W,; Cantero-Chinchilla, S.; Yan, W..; Chiachio Ruano, M.; Remenyte-Prescott, R.; Chronopoulos, D. Damage Quantification
and Identification in Structural Joints through Ultrasonic Guided Wave-Based Features and an Inverse Bayesian Scheme. Sensors
2023, 23, 4160. [CrossRef] [PubMed]

7. Rittmeier, L.; Roloff, T.; Rauter, N.; Mikhaylenko, A.; Haus, ].N.; Lammering, R.; Dietzel, A.; Sinapius, M. Influence of a Flat

- - T - -T - =T -
Fy=@A+u+4+B)(a--c+e -b)+(4+B)(a -L-c+e -I-b) (A2)
+(A+B)T;-b-T3-d)+ (B+2C)(TI; ' b-I-¢)+ (u+4)h-f+a-f+g-b)
- — - T
Tjjm" = AMEp-m)+pu(n+n ), (A3)

where A, B, C are the third-order elastic coefficients of solid material,

Polyimide Inlay on the Propagation of Guided Ultrasonic Waves in a Narrow GFRP-Specimen. Materials 2022, 15, 6752. [CrossRef]


https://doi.org/10.3390/ma16062161
https://doi.org/10.3390/ma16031105
https://doi.org/10.3390/ma14123186
https://doi.org/10.3390/ma14112988
https://www.ncbi.nlm.nih.gov/pubmed/34072984
https://doi.org/10.1063/5.0038340
https://doi.org/10.3390/s23084160
https://www.ncbi.nlm.nih.gov/pubmed/37112501
https://doi.org/10.3390/ma15196752

Materials 2023, 16, 3548 17 of 17

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Capriotti, M.; Kim, H.E.; Scalea, F.L.d.; Kim, H. Non-Destructive Inspection of Impact Damage in Composite Aircraft Panels by
Ultrasonic Guided Waves and Statistical Processing. Materials 2017, 10, 616. [CrossRef]

Liu, Y.; Hong, X.B.; Zhang, B. Contact delamination detection of anisotropic composite plates using non-elliptical probability
imaging of nonlinear ultrasonic guided waves. Struct. Health Monit. 2023, 22, 276-295. [CrossRef]

Zhao, G.Z,; Jiang, M.S,; Li, W.; Luo, Y.X.; Sui, Q.M.; Jia, L. Early fatigue damage evaluation based on nonlinear Lamb wave
third-harmonic phase velocity matching. Int. J. Fatigue 2023, 167, 107288. [CrossRef]

Niu, X.C.; Zhu, L.Q.; Yu, Z.].; Xu, X.N.; Shen, H.K. Detection method of the neutral temperature in continuous welded rails based
on nonlinear ultrasonic guided waves. Nondestruct. Test. Eval. 2023, 1-29. [CrossRef]

Niu, X.C.; Zhu, L.Q.; Yu, Z.]. The effects of stress on second harmonics in plate-like structures. Appl. Sci. 2020, 10, 5124. [CrossRef]
Hoda, J.; Piervincenzo, R. Highly nonlinear solitary waves for the detection of localized corrosion. Smart Mater. Struct. 2020, 29,
085051.

Lee, Y.F; Lu, Y,; Guan, R.Q. Nonlinear guided waves for fatigue crack evaluation in steel joints with digital image correlation
validation. Smart Mater. Struct. 2020, 29, 035031. [CrossRef]

Yu, X.D.; Zuo, P; Xiao, J.; Fan, Z. Detection of damage in welded joints using high order feature guided ultrasonic waves.
Mech. Syst. Signal Process. 2019, 126, 176-192. [CrossRef]

Nucera, C.; di Scalea, F.L. Nonlinear wave propagation in constrained solids subjected to thermal loads. J. Sound Vib. 2013, 333,
541-554. [CrossRef]

Niu, X.C.; Zhu, L.Q.; Yu, Z.J. Effects of temperature on nonlinear ultrasonic testing of stress in continuously welded rails. Acta
Acustica 2019, 44, 241-250.

Zhao, J.; Wu, J.; Chen, X.; Zeng, R. Effect of Temperature on Ultrasonic Nonlinear Parameters of Carbonated Concrete. Materials
2022, 15, 8797. [CrossRef]

Chillara, V.K,; Lissenden, C.J. Effect of load and temperature changes on nonlinear ultrasonic measurements: Implications for
SHM. In Proceedings of the 10th International Workshop on Structural Health Monitoring: System Reliability for Verification and
Implementation, IWSHM 2015, Palo Alto, CA, USA, 1-3 September 2015; pp. 99-107.

De Lima, W.J.N.; Hamilton, M.F. Finite-amplitude waves in isotropic elastic waveguides with arbitrary constant cross-sectional
area. Wave Motion 2005, 41, 1-11. [CrossRef]

Deng, M.X. Analysis of second-harmonic generation of Lamb modes using a modal analysis approach. J. Appl. Phys. 2003, 94,
4152-4159. [CrossRef]

Bermes, C.; Kim, J.Y;; Qu, J.; Jacobs, L.J. Nonlinear Lamb waves for the detection of material nonlinearity. Mech. Syst. Signal
Process. 2008, 22, 638-646. [CrossRef]

Deng, M.X.; Xiang, Y.; Liu, L. Time-domain analysis and experimental examination of cumulative second-harmonic generation by
primary Lamb wave propagation. J. Appl. Phys. 2011, 109, 113525. [CrossRef]

Chillara, V.K,; Lissenden, C.J. Nonlinear guided waves in plates: A numerical perspective. Ultrasonics 2014, 54, 1553-1558.
[CrossRef]

Nucera, C.; Di Scalea, F.L. Nonlinear Semianalytical Finite-Element Algorithm for the Analysis of Internal Resonance Con-ditions
in Complex Waveguides. J. Eng. Mech. 2014, 140, 502-522.

Muller, M.E; Kim, ].Y.; Qu, ].M.; Jacobs, L.J. Characteristics of second harmonic generation of Lamb waves in nonlinear elastic
plates. J. Acoust. Soc. Am. 2010, 127, 2141-2152. [CrossRef]

Bartoli, I.; Marzani, A.; Matt, H.; di Scalea, F.L.; Viola, E. Modeling wave propagation in damped waveguides of arbitrary
cross-section. In Proceedings of the Conference on Health Monitoring and Smart Nondestructive Evaluation of Structural and
Biological Systems V, San Diego, CA, USA, 27 February-1 March 2006.

Loveday, PW. Semi-analytical finite element analysis of elastic waveguides subjected to axial loads. Ultrasonics 2009, 49, 298-300.
[CrossRef]

Van Vinh, P; Van Chinh, N.; Tounsi, A. Static Bending and Buckling Analysis of Bi-Directional Functionally Graded Porous Plates
Using an Improved First-Order Shear Deformation Theory and FEM. Eur. . Mech. A/Solids 2022, 96, 104743. [CrossRef]

Varun, K.; Ankit, G.; Tounsi, A. Microstructural/geometric imperfection sensitivity on the vibration response of geometrically
discontinuous bidirectional functionally graded plates (2D-FGPs) with partial supports by using FEM. Steel Compos. Struct. 2022,
45, 621-640.

Guan, R;; Lu, Y;; Wang, K.; Su, Z. Fatigue crack detection in pipes with multiple mode nonlinear guided waves. Struct. Health
Monit. 2018, 18, 180-192. [CrossRef]

Xu, L.; Wang, K.; Yang, X.B.; Su, Y.Y,; Yang, ] W,; Liao, Y.Z.; Zhou, P.Y.; Su, Z.Q. Model-driven fatigue crack characterization and
growth prediction: A wo-step, 3-D fatigue damage modeling framework for structural health monitoring. Int. J. Mech. Sci. 2021,
195, 106226. [CrossRef]

Lee, Y.F; Lu, Y. Advanced numerical simulations considering crack orientation for fatigue damage quantification using nonlinear
guided waves. Ultrasonics 2022, 124, 106738. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ma10060616
https://doi.org/10.1177/14759217221085159
https://doi.org/10.1016/j.ijfatigue.2022.107288
https://doi.org/10.1080/10589759.2023.2170373
https://doi.org/10.3390/app10155124
https://doi.org/10.1088/1361-665X/ab6fe7
https://doi.org/10.1016/j.ymssp.2019.02.026
https://doi.org/10.1016/j.jsv.2013.09.018
https://doi.org/10.3390/ma15248797
https://doi.org/10.1016/j.wavemoti.2004.05.004
https://doi.org/10.1063/1.1601312
https://doi.org/10.1016/j.ymssp.2007.09.006
https://doi.org/10.1063/1.3592672
https://doi.org/10.1016/j.ultras.2014.04.009
https://doi.org/10.1121/1.3294714
https://doi.org/10.1016/j.ultras.2008.10.018
https://doi.org/10.1016/j.euromechsol.2022.104743
https://doi.org/10.1177/1475921718791134
https://doi.org/10.1016/j.ijmecsci.2020.106226
https://doi.org/10.1016/j.ultras.2022.106738
https://www.ncbi.nlm.nih.gov/pubmed/35358841

	Introduction 
	Nonlinear Ultrasonic Waves Equation and Amplitude Parameter 
	Response Law of Nonlinear Guided Waves to Temperature 
	Selection of Mode Combination 
	Theoretical Analysis Result 

	Simulation Experiments 
	Model Establishment 
	Simulation Analysis Result 

	Physical Demonstration Experiments 
	Conclusions 
	Appendix A
	References

