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Abstract: It is known that measurement and extraction of the tiny amplitude of second harmonic
Lamb waves are the main difficulties for practical applications of the nonlinear Lamb wave technique.
In this study, phase-reversal approaches and phase matching technique are combined to build up the
second-harmonic generation (SHG) of Lamb waves. A specific Lamb wave mode pair, which satisfied
phase matching conditions, is selected to ensure the generation of cumulative second harmonic
waves. Lamb wave signals with the same frequency but in reverse phase, propagating in the given
specimen, are added together to counteract the fundamental waves, and simultaneously to enhance
the signals of the second harmonic generated. The obtained results show that the phase-reversal
approach can enhance the signals of second harmonic Lamb waves, and effectively counteract that of
the fundamental waves. The approach is applied to assess the thermal-induced material degradation
in the stainless steel plates. Distinctions of the acoustic nonlinearity parameters under different
degraded levels are clearly shown in an improved repeatable and reliable manner, while those of
linear wave velocity in the specimens are neglectable. The experimental investigations performed
indicate that the proposed approach can be taken as a promising alternative for assessment of material
degradation in its early stages.

Keywords: second harmonic lamb waves; phase-reversal; phase matching; thermal damage

1. Introduction

Initiation and progression of material degradation accumulated via in-service thermal exposure
of industrial components can significantly affect their structural integrity. The accumulation of the
material degradation with increasing loads could lead to catastrophic failure without timely inspection
and assessment [1-3]. Therefore, there is a demand to develop the nondestructive methods to assess the
material degradation at an early stage to prevent interruptions of services and potential disasters that
might cause loss of life or collapse of facilities. Ultrasonic guided waves, such as Lamb waves, have
been widely used as the effective means for interrogating large or geometrically complex structures
due to the fact that they can travel a considerable distance without scanning point by point [4].
Low energy consumption and great cost-effectiveness are the features for guided wave-based damage
detection method [5]. Earlier investigations about the techniques based on Lamb waves have shown
numerous successes in evaluation and inspection of discontinuities and defects over extended distances
or inaccessible places in many different types of materials and structures [6-10]. Most Lamb wave
techniques are based on linear theory and normally rely on measuring the acoustic linearity parameters
such as acoustic velocity and attenuation. However, these linear Lamb wave-based approaches are less
sensitive to distributed micro-damage, such as the dislocations and material degradations [11,12].
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The use of acoustic nonlinear responses in solids is taken as a promising nondestructive testing
method for micro-damage detection [13,14]. Interactions of ultrasonic waves with micro-damage in solid
can cause the waveform distortion of acoustic signal, and consequently generate higher harmonics [15,16].
Thus, the received signal is composed not only of the fundamental-frequency wave but also of second
harmonic generated. Considering the great advantages of Lamb waves and the high sensitivity of nonlinear
acoustic measurements, nonlinear Lamb waves have been employed to detect the micro-damage in metallic
plate-like structures [17-23]. These earlier investigations show that the use of second harmonic Lamb
waves can be a promising means for detection of micro-damage in solid plates.

However, it is found that the effect of SHG can be easily overlooked due to the dispersive nature of
Lamb wave propagation [24-26]. Thus, one of the main difficulties for practical applications of the nonlinear
Lamb wave technique, especially for the assessment of material degradation, is the relatively low efficiency
of SHG (i.e., tiny amplitude of second harmonic generated). The effect of SHG induced by material
nonlinearity is usually too tiny to be effectively extracted in practical applications. In addition, the signals
measured including the primary (fundamental) Lamb waves and the second harmonics generated can also
affect the extraction of the tiny second harmonics. Therefore, approach to enhance the signals of second
harmonic generated is necessary to be developed for nonlinear Lamb wave testing.

Phase-reversal technique (also called pulse-inversion technique) has been widely used to
accentuate the contribution of even harmonics, while counteract the odd ones in medical ultrasonic
imaging [27,28]. Recently, some researcher applied the phase-reversal technique of ultrasonic waves
to characterize the damage in metallic materials [16,29]. However, most earlier reports focus on
using phase-reversion of nonlinear ultrasonic bulk waves for nondestructive testing. There are rarely
reports about nonlinear Lamb wave testing by combination of phase matching and phase-reversal
approaches for damage assessment. Fukuda, et al., used pulse inversion averaging method to enhance
the second-harmonic components of Lamb waves in Magnesium plates without considerations of
synchronism and symmetry feature for SHG of Lamb waves [30]. Generally, nonlinear Lamb wave
testing is much more complicated than that of bulk waves, for the reasons of multi-modes and
dispersion nature of Lamb wave propagation. Synchronism and symmetry feature of the second
harmonic generation should be firstly considered for the cumulative SHG of Lamb waves [31-33].
The phase matching condition (synchronism condition) for selection of Lamb wave mode pair is
essentially used to counteract primary waves and accentuate second harmonic waves synchronically.
The symmetric feature considered is to guarantee the desired second harmonic waves remained after
applying the phase-reversal technique.

In this paper, a phase-reversal nonlinear Lamb wave approach which combines the phase
matching and phase-reversal techniques, is investigated to assess the thermal damage in stainless steel
plates. A specific Lamb wave mode pair which satisfies the phase matching condition, is selected to
generate the cumulative second harmonic waves. The phase-reversal approach for signal processing
is used to counteract the primary wave and meanwhile to enhance the signal of second harmonic
Lamb wave generated. The phase-reversal nonlinear Lamb wave approach proposed is applied to
assess the thermal-induced material degradation in the 201 stainless steel plates. The correlations are
presented between the acoustic nonlinearity parameters and the thermal loading time/temperature in
the specimens, which show a promising alternative for assessment of material degradation.

2. General Considerations

2.1. Principle of Phase-Reversal Approach

Material nonlinearity is essentially related to microstructure and/or presence of defects in
materials. Interaction of ultrasonic wave with material nonlinearity can cause the waveform distortion
of ultrasonic signal, and consequently generate higher harmonics [15,16]. One typical nonlinear
phenomena considered in ultrasonic tests is the generation of second harmonic of primary wave
propagation. Specifically speaking, as an ultrasonic wave propagates through a specimen with



Materials 2018, 11, 1961 3o0f12

micro-damage, the interaction between micro-damage and ultrasonic wave will cause the wave
distortion and thus result in the effect of second harmonic generation [34].

The acoustic field u of ultrasonic wave propagation can be taken as the sum of the fundamental
wave u(q) and the second harmonic uy):

u=un) + u(y) 1)

where the amplitude of u,) is assumed to be much smaller than that of uy. The reference configuration
for analysis of Lamb wave propagation in a single elastic plate is shown in Figure 1, where the plate
material is assumed to be homogeneous with no attenuation and no dispersion and with a weak
elastic nonlinearity. Lamb waves propagate along the 0z direction, and the corresponding mechanical
displacements are only considered in the yz-plane.
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Figure 1. Configuration of a single elastic plate.

Based on this consideration, one primary Lamb wave mode with a single frequency can be
expressed as

u) = ua)(y)explilk z —w t )], @

where k and w are, respectively, the wave number and the angle frequency, and u(y)(y) is the field
function of primary Lamb wave. At the surface of the plate (i.e., at y = h or y = —h), the amplitude of the

primary Lamb wave can be set to be A; (i.e., formally Ay = |[u()(y) ‘ h] ). If the Lamb wave mode
y:

pair selected (primary and double frequency Lamb waves) satisfies the conditions of phase velocity
matching and nonzero power flux [11,12], the amplitude of second harmonic generated will grow with
propagation distance. Accordingly, the solution to the second harmonic accompany propagation of
u() can formally be given by u(,) = up)(y)zexp[j(2k z — 2w t )], where the corresponding field
function u,)(y) is proportional to the square of u(y)(y) [11,12,33-35]. Similarly, at the surface of the

]
y=h
The total field of Lamb wave propagation at the surface of the plate, including the fundamental wave
and the second harmonic generated, is formally given by,

plate, the amplitude of second harmonic generated can formally be given by A> = | [u(y) (y) ’ zZ.

ul® = Aj explj(kz — wt)] + Ay exp[2j(kz — wt)], 3)

where A, is proportional to the square of A;, and generally the magnitude of the former is much
smaller than that of the latter.

If we let the phase of primary Lamb wave be reversed with that shown in Equation (2), while
letting the other conditions be kept unchanged, similarly, the total field of Lamb wave propagation
at the surface of the plate, including the fundamental wave and the second harmonic generated,
can formally be given by,

u™ = Arexplitk z —w t + 1)+ Arexplj(2k z —2w t +277)], 4)
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By summarizing Equations (3) and (4), it is found that there is only second harmonic remained in
the resultant field, i.e.,
a=u® +u™ =24exp[2j(k z —w t )], (5)

where 1 is the remained field after summarizing the two Lamb wave signals in reverse phase with
each other.

The above analysis indicates that the signal of second harmonic caused by material nonlinearity
for Lamb wave propagation can be enhanced by phase-reversal technique. Only the second harmonic
generated remains, while the offset of the two fundamental Lamb waves in reverse phase takes
place under the condition of primary Lamb wave propagation in the specimen with material
nonlinearity. The mechanism of the phase-reversal approach is intuitively shown in Figure 2.
Clearly, the phase-reversal approach proposed here may effectively be used to enhance the signals of
second harmonic waves of primary Lamb wave propagation.

without nonlinearity induced with nonlinearity induced
waveform distortion waveform distortion

+ —) _— + ) — W AA—
(a) (b)

Figure 2. Superposition of two Lamb wave signals in reverse phase; (a) without and (b) with material
nonlinearity induced waveform distortion.

2.2. Acoustic Nonlinear Parameter

The acoustic nonlinearity parameter 5 is introduced to quantify the effect of material degradation
induced nonlinearity, which can be defined as [34-36],

_ 84
_ZA% !

p (6)

where A; and A are, respectively, the amplitude of the fundamental wave and the second harmonic
generated, z is the propagation distance. F is a feature function, which is related to driving frequency,
mode type, material property and geometric parameter of specimen. Since all these parameters are
completely determined for the given measurement of Lamb waves, F can be regarded as a constant.
In this investigation, the ratio Bg = A/ A? that is proportional to B is measured as the relative acoustic
nonlinearity parameter, through which the material degradation can be quantitatively assessed [18-21].

2.3. Selection of Lamb Wave Mode Pair

In general, the effect of SHG of Lamb wave propagation is quite tiny due to its dispersion and
multimodal feature [17]. Thus, it is critical to find the suitable Lamb wave mode pair to generate the
cumulative second harmonic with propagation distance [17-22]. In earlier investigations, Lamb wave
mode pairs satisfying the phase velocity matching and the nonzero power flux were chosen to evaluate
the material nonlinearity [18-24]. The phase velocity matching requires that the phase velocity of the
primary Lamb wave equals that of the double frequency Lamb wave, while the nonzero power flux
requires that the energy transfer from the primary wave to the second-order wave generated must
be nonzero [11,12,33]. From the condition of the nonzero power flux, it has been shown that in an
isotropic elastic plate, the double frequency Lamb wave generated is always symmetrical regardless
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of whether the primary Lamb wave is symmetrical or anti-symmetrical [11,18]. Accordingly, from
the dispersion curves of Lamb waves, it is convenient to find the desired Lamb wave mode pair that
simultaneously satisfies both the phase velocity matching and the nonzero power flux.

For the specimens used in this investigation (1.35 mm thick stainless steel plate), the phase
velocity dispersion curves of Lamb waves are shown in Figure 3a. Based on the above considerations,
the mode pair S2|;_3 gsmpi,/ S4lo5—770MHz O A2|f—3 85MmH,/ S4l2f=770mH, can be considered as a
candidate, where the corresponding phase velocity is determined by the horizontal dashed line shown
in Figure 3a, while the fundamental frequency f = 3.85 MHz and its double frequency 2f =7.70 MHz
are respectively given by the vertical dashed lines. As show in Figure 3b, the group velocities of
the mode pair are also equal with each other. To guarantee the counteraction of primary waves and
accentuation of second harmonic waves synchronically, the phase-reversal technique employed is only
valid for the nonlinear Lamb wave testing with this kind of specific mode pair, who satisfies the both
phase- and group-velocity matching conditions.
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Figure 3. (a) Phase velocity and (b) group velocity dispersion curves for Lamb waves in the 201 stainless
steel with a thickness of 1.35 mm.

3. Specimens and Experimental Setup

3.1. Specimens

This investigation examines the 201 stainless steel plates with chemical composition shown in
Table 1. All tested specimens have the same geometrical dimension (180 mm x 30 mm X 1.35 mm)
and are provided by the same supplier. The surfaces of specimens were polished and grinded to
make a clean and even surface for experimental measurements. One intact specimen with the original
raw material is taken as a reference. The experimental tests are conducted in two different groups of
specimens subjected to thermal loading. In the first group, the thermal loading temperatures of 650 °C,
750 °C, 850 °C, 950 °C are respectively applied upon the specimens with two hours” holding time,
while, in the second group, the thermal loading temperature of 750 °C is exerted upon the specimens
with a different loading time.

Table 1. Chemical composition (wt %) of 201 stainless steel.

C Si Mn Cr N P Ni Cu Fe
<015 <075 55-75 16-18 <025 <006 3555 23 Remain
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3.2. Experimental Setup

Figure 4 shows the experimental setup for measurements of the nonlinear Lamb waves.
RITEC SNAP system including a high power gated amplifier is used to generate a 20-cycle sinusoidal
tone-burst voltage at the frequency of 3.85 MHz. The generated sinusoidal tone-burst signal then passes
through a 6 dB attenuator, which is set to purify the incident signal for a high signal-to-noise ratio
(SNR). One narrow band piezoelectric transducer (as a transmitter Tx), whose nominal frequency is
3.5 MHz, is used to excite a longitudinal wave, and the other piezoelectric transducer (as a receiver Rx)
with central frequency of 5.0 MHz is set for detection of primary Lamb waves and second harmonics
generated. The transducers are clamped to the acrylic wedges. Light lubrication oil is used to couple
the transducers to the wedges, as well as the wedges to the specimen. Although the central frequency
of the receiving transducer Rx is 5.0 MHz, the following experimental results have shown that there are
still adequate sensitivities near the driving frequency 3.85 MHz and its double frequency 7.70 MHz.

Oscilloscope —— High Voltage Signal

Low Voltage Signal

* A
_______ a : Trigger
RITECSNAP | _____ |
System
F Y
1
|
1
1
] Ix . F Rx
! High Power || Attenuator : z B res
! Amplifier ol * ™ !
1 1
: Specimen -
' i
1
] 10MHz Low | ___ .
Pass Filter

Figure 4. Experimental setup.

The angle of the two wedges can be calculated by Snell’s law, once the phase velocity of Lamb
waves (given by the horizontal dashed line in Figure 3a and the longitudinal wave velocity of the
wedge material are given. High vacuum grease is used to acoustically couple the transducer and the
wedge, as well as the wedge and the specimen. The obtained time-domain signal is processed with the
fast Fourier transformation after it passes through a 10 MHz low-pass filter. Figure 5 shows a typical
transmitted ultrasonic signal with a Hann window imposed on the steady-state part of the signal,
and fast Fourier transform is performed on the windowed signal to get its frequency spectrum.

20 4

Amplitude (Volts)
(=]
Amplitude (arb. units)

-20

50 8.0 12.0 15.0 0.00 385 7.70
Time (ps) Frequency (MHz)

(a) (b)

Figure 5. Typical excited ultrasonic signals in (a) time domain and (b) frequency spectra of the
original signals.
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4. Measurement, Results and Discussion

As shown in above analysis, it is critical to determine the phase matched Lamb wave mode pair
for nonlinear Lamb wave measurements. The first setup is to verify that the signal detected is that of
the Lamb wave desired. Figure 6 shows two typical time-domain signals under different propagation
distance in the undamaged specimen. The group velocity of the signal detected is calculated to be
(z2 — z1)/ At = 3.35 mm/ ps, which is very close to the theoretical group velocity (3.48 mm/ us) of the
desired S2 mode at f = 3.85 MHz (RE. 5.7%) as shown in Figure 3b. It is noted that both S2| F=3.85MH
and A2| fF—3.85MH; are excited due to the same phase velocity. However, the group velocity of the
latter is obviously less than 3 mm /s, which means the propagation speed of the wave package A2 is
slower than that of S2. These two wave packages will distinguish with each other after propagating
a certain distance, and the S2 mode will firstly been received. There is only one wave package in
time domain because of the separation of two modes due to different group velocities. Thus, we are
convinced that the carrier of the signals detected in Figure 6 is certainly the 52 mode desired. In the
following experiments, investigations focus on the mode pair 52| ¢_3 gsnipy,/ S4|2¢—7 70mp, that may
exhibit a cumulative effect for the second harmonic generated (mainly dependent on the S4 mode at
the frequency 7.70 MHz).

o 40
8 |
ﬂ [
= |
.2 .
T .
g I
.S z
= "1 !
o 30 | WA
= ! !
g = |
A~ ! '
.  A=3.01ps
T T T T T
20 25 30 35
Time (us)

Figure 6. Two time-domain signals detected under different propagation distance z; = 30 mm and
zp =40 mm.

It is known that the demonstration of the cumulative effect of SHG versus propagation distance is
essential for nonlinear Lamb wave measurements [17-19,21,22]. In addition, the fact that Sg grows
with propagation distance can also be used to verify the measured acoustic nonlinear response is not
induced from the instrumental system uncertainty, but due to the material nonlinearity. SHG can
also be attributed to the nonlinearities from transducers, couplant, et al. However, only the SHG due
to material nonlinearity in specimen could have the cumulative effect versus propagation distance
z as shown in Equation (6). Figure 7a shows the amplitude-frequency curve of the time-domain
signal detected at z = 50 mm, through which the amplitudes of the primary wave (A1) and the second
harmonic generated (Ay), as well as B = A/ A%, can be completely determined. Similarly, for different
spatial separation z in Figure 4, the corresponding Br can also be determined. Figure 7b shows that
Br grows with propagation distance. Accordingly, the acoustic nonlinear response measured should
be attributed to the material nonlinearity. As shown in our earlier work [34], the slope ratio of Sr
with wave propagation distance is used to represent the relative acoustic nonlinearity parameter to
minimize nonlinearity from couplant or instrument.
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Figure 7. (a) Amplitude-frequency curve of the time-domain signal detected at z = 50 mm, (b) variation
of normalized Br versus propagation distance.

The effect of the phase-reversal approach proposed in Section 2 will be examined. Here a specific
implementation process will be shown. For the undamaged specimen before thermal loading, a 20-cycle
sinusoidal tone-burst voltage at the frequency of 3.85 MHz is applied to Tx in Figure 4, and then the
time-domain signal detected by Rx at z = 30 mm is shown in Figure 8a. Next let all the conditions be
kept unchanged except for a phase-reversal for the carrier of the sinusoidal tone-burst voltage applied
to Tx, and then repeat the same measurement. For this situation, the time-domain signal detected is
shown in Figure 8b. Based on the analysis given in Section 2.1, it is expected that the time-domain
superposition of the two signals shown in Figure 8a,b can, to a great extent, counteract the signals
out of phase (such as the fundamental waves), and enhance the signals in phase (such as the second
harmonics generated). Obviously, the superposition signal shown in Figure 8c illustrates the expected
effect. A software with graphical user interface is developed to compute and calculate the results
for signal analysis and processing to avoid artificial errors for phase-reversal processing. The total
computational time can be completed within minutes.

160 -
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-160 T T T
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Figure 8. (a,b) the time-domain signals detected by Rx at z = 30 mm; (c) the superposition signal of the
signals (a,b).
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For examining the effect of the phase-reversal nonlinear Lamb wave approach proposed, Figure 9
gives the amplitude-frequency curves of the time-domain signals shown in Figure 8a,c. As shown in
Figure 9a, amplitude of the second harmonic wave is very tiny compared with that of the fundamental
wave. However, by the phase-reversal approach proposed, the second-harmonic amplitude in Figure 9b
is nearly twice that in Figure 9a. As indicated in Equation (5), the two fundamental waves counteract
while the double-frequency component becomes twice by the phase-reversal approach. It should be
noted that the amplitude of the fundamental wave does not exactly equal zero (see Figure 9b), perhaps
due to the fact that the coupling conditions between the transducers and the specimen are not entirely
consistent in repeated measurements. In spite of this, the phase-reversal nonlinear Lamb approach
proposed can enhance the signal of second harmonic generated, and is conducive to measurements
of second harmonics generated by primary Lamb wave propagation in an improved, repeatable and
reliable manner.

25 0.3
034
204 Z o2 z 1024
) = =
= e 0125 =
E 5
< 151 z &
g 00 ]
o ’ 385 770 =
= Frequency F(MHz) =
E 1.0 =
= <
< 05
0.0 ‘ ‘ 0.0 T T
3.85 7.70 3.85 7.70
Frequency f(MHz) Frequency f(MHz)
(a) (b)

Figure 9. The amplitude-frequency curves measured by the conventional approach (a) and the
phase-reversal approach (b).

For a given propagation distance, the two time-domain signals similar to that shown in
Figure 8a,b can be simultaneously measured using a phase-reversal excitation. For one of the
two signals, the corresponding primary-wave amplitude (denoted by A;,) can be obtained from its
amplitude-frequency curve (similar to that shown in Figure 9a. So does the primary-wave amplitude
(denoted by Ajp) of the other signal. For determination of g = A,/ A3, A; is calculated through
(A1q + A1p) /2, which may inhibit the influences of the instrumental transient response or coupling
conditions in repeated measurements (note the nonzero amplitude for the primary wave in Figure 9b).
Meanwhile, A, is acquired through the amplitude- frequency curve of the superposition signal similar
to that shown in Figure 8c (see the second-harmonic amplitude in Figure 9b). Referring to the
measurement process described here, the corresponding S can be determined for the specimens with
different damage levels. Specifically, the phase-reversal nonlinear Lamb wave approach proposed is
applied for tracking the thermal induced degradation in the stainless steel plates.

In the present experimental investigations, different degradations of the specimens suffered
from different thermal loadings are artificially controlled (see Section 3.1). Using the mode pair
523 gsmriz! S4l2 =7 70mp, (see Figure 3) and following the phase-reversal approach described above,
the value of B can readily be determined for the specimens subjected to different thermal loadings.
Figure 10a,b shows the variation of normalized Sy for the specimens, respectively, subjected to different
thermal loading temperatures with two hours” holding time and different thermal loading time at the
temperature of 750 °C.
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Figure 10. Variation of normalized for the specimens subjected to (a) thermal loading temperature
with two hours” holding time (by the reference of Bz = 0.197, that of the specimen subjected 650 °C
thermal loading), and (b) different thermal loading time at the temperature of 750 °C (by the reference
of Br = 0.363, that of the specimen subjected 6 hours” thermal loading).

Here the variation of acoustic nonlinearity (described by Br) versus different thermal damage
levels is obtained to verify the validity of the approach proposed. It is found that the normalized Sr
increase with either the thermal loading time or the thermal loading temperature. The results shown
in Figure 10 indicate that the phase-reversal nonlinear Lamb wave approach is a feasible method to
enhance the signal of second harmonic generated, and thus increases the reliable capacity (due to
high SNR second-harmonic signals measured) for assessment of material degradation in specimens.
As shown in Figure 11, group velocities (described by Cg) of Lamb wave in the specimens with
and without thermal loadings are also provided to compare the sensitivity of linear and nonlinear
parameter. It is clearly shown that the differences of wave velocity can be neglected, which indicates
that the linear Lamb wave based evaluation technique is insufficiently to evaluate the thermal induced
degradation in early stage. In this study, all measured linear and nonlinear parameters are normalized
by the values of the raw material to display only the relative change. Consequently, these results
indicate that nonlinear ultrasonic parameters are much more promising with significantly improved
sensitivity over linear parameters for early stage detection of thermal damages in this specimen.

1.25 15
—fr— Acoustic nonlinearity| - —
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Figure 11. Comparison of the sensitivity of acoustic nonlinearity and linear parameters for the
specimens subjected to (a) thermal loading temperature with two hours’ holding time (by the
reference of Br = 0.197, C¢ = 3.346 mm/ s that of the specimen subjected 650 °C thermal loading),
and (b) different thermal loading time at the temperature of 750 °C (by the reference of fr = 0.363,
Cg = 3.332 mm/ us that of the specimen subjected 6 hours’ thermal loading).
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5. Conclusions

In this study, a combination of phase matching and phase-reversal approaches is investigated
to measure second harmonic Lamb waves for thermal damage assessment. For the given specimen,
a specific Lamb wave mode under the phase and group-matching conditions is selected to ensure the
generation of cumulative second harmonic. Two Lamb wave signals, with the same frequency but in
reverse phase, are added together to counteract the fundamental waves, and meanwhile to enhance the
second harmonic wave. The experimental investigation performed does verify the expected effect of
signal enhancement of SHG by primary Lamb wave propagation. On this basis, the proposed approach
is applied to assess the thermal-induced degradation in the stainless steel plates. The correlation
between the relative acoustic nonlinearity parameter and the thermal-induced degradation (induced
by thermal loading temperature/time) in the test specimens are obtained. Distinctions of the relative
acoustic nonlinearity parameters for the specimens under different degraded levels are clearly provided.
A comparison of the linear and nonlinear ultrasonic parameters variation in different specimens is
also conducted. It is found that the differences of linear parameter in the specimens are neglected.
The experimental investigations performed indicate that the proposed phase-reversal nonlinear Lamb
wave approach can be taken as a promising alternative for assessment of material degradation in
metallic specimens. It is important to note that the counteraction of primary Lamb waves and
accentuation of second harmonic Lamb waves must be synchronic. Thus, phase and group matching
conditions of the primary Lamb wave and second harmonic one should be satisfied precisely to ensure
the accuracy of the obtained results. In addition, stable and consistent electrical signals with opposite
phase excited at different times are also important to obtain the accurate results.

Author Contributions: Conceptualization, W.L. and M.D.; Formal Analysis, S.H.; Writing & Editing, W.L., S.H.
and M.D.; Funding Acquisition, W.L. and M.D.

Funding: This research was funded by the National Natural Science Foundation of China, grant number: 11774295,
11834008 and 11474361.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bhattacharyya, S.; Sarkar, M.B.D. Failure analysis of stainless steel tubes in a recuperator due to elevated
temperature sulphur corrosion. Eng. Fail. Anal. 2008, 15, 711-722. [CrossRef]

2. Silva, EW,; de Albuquerque, VH.C; Leite, ].P; Varela, A.C.; de Moura, E.P; Tavares, ].R.S. Phase transformations
evaluation on a UNS S31803 duplex stainless steel based on nondestructive testing. Mater. Sci. Eng. A 2009, 516,
126-130. [CrossRef]

3. Phlanichamy, P; Joseph, A.; Jayakumar, T.; Raj, B. Ultrasonic velocity measurements for estimation of grain

size in austenitic stainless steel. NDT E Int. 1995, 28, 179-185. [CrossRef]

Blitz, J.; Simpson, G. Ultrasonic Methods of Non-Destructive Testing; Springer: London, UK, 1996.

Rose, J.L. Ultrasonic Waves in Solid Media; Cambridge University Press: Cambridge, UK, 1999.

Achenbach, ].D. Wave Propagation in Elastic Solids; Elsevier: New York, NY, 1987.

Graff, K.L. Wave Motion in Elastic Solids; Ohio State University: Columbus, OH, USA, 1975.

Su, Z.; Ye, L.; Lu, Y. Guided Lamb waves for identification of damage in composite structures: A review.

J. Sound Vib. 2006, 295, 753-780. [CrossRef]

9.  Wilcox, P.; Lowe, M.; Cawley, P. The effect of dispersion on long-range inspection using ultrasonic guided
waves. NDT E Int. 2001, 34, 1-9. [CrossRef]

10. Alleyne, D.N.; Cawley, P. The interaction of Lamb waves with defects. IEEE Trans. Ultrason. Ferroelectr.
Freq. Control 1992, 39, 381-397. [CrossRef] [PubMed]

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

12.  De Lima, W.J.N.; Hamilton, M.E. Finite-amplitude waves in isotropic elastic plates. J. Sound Vib. 2003, 265,
819-839. [CrossRef]

® N oG


http://dx.doi.org/10.1016/j.engfailanal.2007.06.014
http://dx.doi.org/10.1016/j.msea.2009.03.004
http://dx.doi.org/10.1016/0963-8695(95)00011-L
http://dx.doi.org/10.1016/j.jsv.2006.01.020
http://dx.doi.org/10.1016/S0963-8695(00)00024-4
http://dx.doi.org/10.1109/58.143172
http://www.ncbi.nlm.nih.gov/pubmed/18267648
http://dx.doi.org/10.1063/1.1601312
http://dx.doi.org/10.1016/S0022-460X(02)01260-9

Materials 2018, 11, 1961 12 of 12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Nagy, P.B. Fatigue damage assessment by nonlinear ultrasonic material characterization. Ultrasonics 1998, 36,
275-381. [CrossRef]

Yang, Z.; Tian, Y.; Li, W.; Zhou, H.; Zhang, W.; Li, ]J. Experimental investigation of the acoustic nonlinear
behavior in granular polymer bonded explosives with progressive fatigue damage. Materials 2017, 10, 660.
[CrossRef] [PubMed]

Jhang, K.Y. Nonlinear ultrasonic techniques for nondestructive assessment of micro-damage in material:
A review. Int. ]. Precis. Eng. Manuf. 2009, 10, 123-135. [CrossRef]

Kim, J.; Jacobs, L.J.; Qu, J. Experimental characterization of fatigue damage in a nickel-base superalloy using
nonlinear ultrasonic waves. J. Acoust. Soc. Am. 2006, 120, 1266-1273. [CrossRef]

Deng, M.; Pei, J. Assessment of accumulated fatigue damage in solid plates using nonlinear Lamb wave
approach. Appl. Phys. Lett. 2007, 90, 121902. [CrossRef]

Li, W.; Deng, M.; Xiang, Y. Review on second-harmonic generation of ultrasonic guided waves in solid media
(I): Theoretical analyses. Chin. Phys. B 2017, 26, 114302. [CrossRef]

Deng, M.; Wang, P; Lv, X. Experimental verification of cumulative growth effect of second harmonics of
Lamb wave propagation in an elastic plate. Appl. Phys. Lett. 2005, 86, 124104. [CrossRef]

Xiang, Y.; Deng, M.; Xuan, E; Liu, C. Experimental study of thermal degradation in ferritic Cr-Ni alloy steel
plates using nonlinear Lamb waves. NDT E Int. 2011, 44, 768-774. [CrossRef]

Li, W.; Cho, Y.; Achenbach, ].D. Detection of thermal fatigue in composites by second harmonic Lamb waves.
Smart. Mater. Struct. 2012, 21, 085019. [CrossRef]

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

Hong, M.; Su, Z; Lu, Y.; Sohn, H.; Qing, X. Locating fatigue damage using temporal signal features of
nonlinear Lamb waves. Mech. Syst. Signal Process. 2015, 60, 182-197. [CrossRef]

Pruell, C.; Kim, J.; Qu, J.; Jacobs, L.J. Nonlinear-guided wave technique for evaluating plasticity-driven
material damage in metal plate. NDT E Int. 2008, 42, 199-203. [CrossRef]

Matsuda, N.; Biwa, S. Phase and group velocity matching for cumulative harmonic generation in Lamb
waves. J. Appl. Phys. 2011, 109, 094903. [CrossRef]

Deng, M.; 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]
Shen, C.; Chou, Y.; Li, P. Pulse inversion technique in ultrasonic nonlinear imaging. J. Med. Ultrasound 2005,
13,3-17. [CrossRef]

Xander, AM.V,; Leon, A EL.; Jean, M.W,; Peter, ].B.; Arnold, P.G.H. Experimental investigation of the pulse
inversion technique for imaging ultrasound contrast agents. J. Acoust. Soc. Am. 2000, 107, 2281-2290.
Viswanath, A.; Rao, B.P.C.; Mahadevan, S.; Jayakumar, T.; Raj, B. Microstructural characterization of
M250 grade maraging steel using nonlinear ultrasonic technique. J. Mater. Sci. 2010, 45, 6719-6726. [CrossRef]
Makoto, F.; Kazuhiko, I. Detection of second-harmonic components of Lamb waves generated from fatigue
plate using a double-layered piezoelectric transducer. Jpn. J. Appl. Phys. 2012, 51, 07GBO06.

Lanza di Scalea, F.; Nucera, C.; Sternini, S. Nonlinear ultrasonic waves for structural monitoring: Thermal
stress measurement and guided wave management. J. Acoust. Soc. Am. 2015, 138, 1835. [CrossRef]
Srivastava, A.; di Scalea, F.L. Higher harmonic generation in nonlinear waveguides of arbitrary cross-section.
J. Acoust. Soc. Am. 2010, 127, 2790-2796. [CrossRef] [PubMed]

Srivastava, A.; di Scalea, F.L. On the existence of antisymmetric or symmetric Lamb waves at nonlinear
higher harmonics. J. Sound Vib. 2009, 323, 932-943. [CrossRef]

Li, W.; Cho, Y.; Lee, ].; Achenbach, J.D. Assessment of heat treated Inconel X-750 alloy by nonlinear ultrasonics.
Exp. Mech. 2013, 53, 775-781. [CrossRef]

Li, W.; Cho, Y. Thermal fatigue damage assessment in an isotropic pipe using nonlinear ultrasonic guided
waves. Exp. Mech. 2014, 54, 1309-1318. [CrossRef]

Pruell, C.; Kim, J.; Qu, J.; Jacobs, L.J. Evaluation of fatigue damage using nonlinear guided waves.
Smart Mater. Struct. 2009, 18, 035003. [CrossRef]

@ © 2018 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 (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S0041-624X(97)00040-1
http://dx.doi.org/10.3390/ma10060660
http://www.ncbi.nlm.nih.gov/pubmed/28773017
http://dx.doi.org/10.1007/s12541-009-0019-y
http://dx.doi.org/10.1121/1.2221557
http://dx.doi.org/10.1063/1.2714333
http://dx.doi.org/10.1088/1674-1056/26/11/114302
http://dx.doi.org/10.1063/1.1891295
http://dx.doi.org/10.1016/j.ndteint.2011.08.005
http://dx.doi.org/10.1088/0964-1726/21/8/085019
http://dx.doi.org/10.1016/j.ymssp.2007.09.006
http://dx.doi.org/10.1016/j.ymssp.2015.01.020
http://dx.doi.org/10.1016/j.ndteint.2008.09.009
http://dx.doi.org/10.1063/1.3569864
http://dx.doi.org/10.1063/1.3592672
http://dx.doi.org/10.1016/S0929-6441(09)60073-4
http://dx.doi.org/10.1007/s10853-010-4765-0
http://dx.doi.org/10.1121/1.4933839
http://dx.doi.org/10.1121/1.3365247
http://www.ncbi.nlm.nih.gov/pubmed/21117728
http://dx.doi.org/10.1016/j.jsv.2009.01.027
http://dx.doi.org/10.1007/s11340-012-9681-6
http://dx.doi.org/10.1007/s11340-014-9882-2
http://dx.doi.org/10.1088/0964-1726/18/3/035003
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	General Considerations 
	Principle of Phase-Reversal Approach 
	Acoustic Nonlinear Parameter 
	Selection of Lamb Wave Mode Pair 

	Specimens and Experimental Setup 
	Specimens 
	Experimental Setup 

	Measurement, Results and Discussion 
	Conclusions 
	References

