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Featured Application: Laser ultrasonic technique for non-destructive monitoring of material
yield strength based on the evaluation of hysteretic quadratic acoustic nonlinearity of material.

Abstract: Nonlinear acoustic techniques are established tools for the characterization of
micro-inhomogeneous materials with higher sensitivity, compared to linear ultrasonic techniques.
In particular, the evaluation of material elastic quadratic nonlinearity via the detection of the second
harmonic generation by acoustic waves is known to provide an assessment of the state variation
of heat treated micro-structured materials. We report on the first application for non-destructive
diagnostics of material thermal aging of finite-amplitude longitudinal acoustic pulses generated
and detected by lasers. Finite-amplitude longitudinal pulses were launched in aluminum alloy
samples by deposited liquid-suspended carbon particles layer irradiated by a nanosecond laser source.
An out-of-plane displacement at the epicenter of the opposite sample surface was measured by an
interferometer. This laser ultrasonic technique provided an opportunity to study the propagation in
aluminum alloys of finite-amplitude acoustic pulses with a strain up to 5 × 10−3. The experiments
revealed a signature of the hysteretic quadratic nonlinearity of micro-structured material manifested
in an increase of the duration of detected acoustic pulses with an increase of their amplitude.
The parameter of the hysteretic quadratic nonlinearity of the aluminum alloy (Al6061) was found
to be of the order of 100 and to exhibit more than 50% variations in the process of the alloy thermal
aging. By comparing the measured parameter of the hysteretic quadratic nonlinearity in aluminum
alloys that were subjected to heat-treatment at 220 ◦C for different times (0 min, 20 min, 40 min, 1 h,
2 h, 10 h, 100 h, and 1000 h), with measurements of yield strength in same samples, it was established
that the extrema in the dependence of the hysteretic nonlinearity and of the yield strength of this
alloy on heat treatment time are correlated. This experimental observation provides the background
for future research with the application goal of suggested nonlinear laser ultrasonic techniques for
non-destructive evaluation of alloys’ strength and rigidity in the process of their heat treatment.
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1. Introduction

Thermal modifications of materials take place in many industrial fields, such as aerospace,
chemical industry, nuclear power, electricity, and so on. As a consequence, it is inevitable that the
components and structures served especially at elevated temperature could undergo a process of
degradation of their properties and performance over time. For example, thermal aging could result in
the decrease of the remaining performance life of aluminum alloys utilized in industrial structures
and even threaten the security of property and personal safety. Studies have shown that the early
performance degradation stage of materials occupied 80–90% of their fatigue life [1–3]. Therefore,
following increasing concerns about safety, the remaining life time and structural health of the materials
should be non-destructively monitored with a highest possible sensitivity.

Nondestructive evaluation techniques, for instance, X-ray diffraction, acoustic emission, ultrasonic
attenuation, and velocity measurement, etc., are implemented for the detection and the characterization
of thermal aging and damage in metal materials. In recent years, linear laser ultrasonic techniques have
been widely used in the non-destructive testing of physical and mechanical properties of materials [4–13].
However, acoustic parameter variations measured by linear ultrasonic technology are relatively
small in response to early damage and change of materials and structures [14–17]. Nonlinear
acoustic techniques are widely accepted for their higher sensitivity to the state of micro-structured
and damaged materials, compared with linear acoustic techniques [14,17–22]. In particular, recent
studies had theoretically and experimentally confirmed that nonlinear acoustics was an effective and
sensitive tool of nondestructive characterization for various thermally treated materials [17,23–34].
In comparison with other wave modes used in nonlinear acoustics to detect thermal modification of
material state, for example Rayleigh waves [32,35–39] and Lamb waves [40–43], bulk waves [28,44–48]
were extensively utilized. Although different types of contacting transducers are commonly used
to generate and detect acoustic waves in the samples, generation and detection of acoustic waves
by lasers is now applied more frequently in non-destructive detection of mechanical and physical
properties of the materials. It was demonstrated that interaction between acoustic waves and materials
with microstructural changes could be monitored optically [49–52]. An in-contact but nondestructive
method for laser generation of high-amplitude acoustic pulses was developed [53–55]. In this LSCP
(liquid-suspended carbon particles) based method, bulk finite-amplitude longitudinal acoustic waves
were generated by the absorption of nanosecond laser pulses in a 50 µm thick water suspension of
carbon particles, deposited on the sample surface.

In this paper, we describe the first application of all-optical generation and detection of bulk
finite-amplitude longitudinal acoustic waves for measurements of acoustic nonlinearities of aluminum
alloys of different thermal aging times. Finite-amplitude acoustic waves were generated on the front
surface of aluminum alloy plates by applying the LSCP based method. An optical interferometer
was used to detect the out-of-plane displacement of the rear surface of the plate caused by the arrival
of laser-generated acoustic pulses. Aluminum alloy plates (Al6061) were heat-treated with different
time durations of 0 min, 20 min, 40 min, 1 h, 2 h, 10 h, 100 h, and 1000 h [56]. It was observed
that in, all evaluated samples, the duration of detected strain pulses increased with the increase of
their amplitude, which is a known manifestation of the hysteretic nonlinearity of the material [57,58].
Measurements of the hysteretic quadratic nonlinearity were compared, by us, with the characterization
of the elastic quadratic nonlinearity of the same samples conducted earlier [56] via monitoring of the
second harmonic generation in sinusoidal surface acoustic waves and correlated with measurements
of yield strength [56]. The revealed correlation of the extrema in the dependence of the hysteretic
nonlinearity and of the yield strength of this aluminum alloy on the heat treatment time provides the
foundation for future research, with the goal of applying the developed nonlinear laser ultrasonic
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technique for non-destructive evaluation of alloys’ strength and rigidity variations in the process of
their heat treatment or thermal damage.

2. Materials and Methods

2.1. Mechanism of Finite-Amplitude Acoustic Wave Generation

When a laser irradiates the sample surface, a portion of laser energy is absorbed by the sample
and converted into heat, causing thermal expansion of the photo-excited region. Accordingly, acoustic
waves, such as Rayleigh waves, bulk longitudinal waves, and bulk shear waves, can be generated.
To generate finite-amplitude acoustic waves, a thin LSCP layer was deposited on the sample surface
and covered with a transparent glass plate. A schematic illustration of the sample with the liquid
layer irradiated by the laser is presented in Figure 1. When the pump laser irradiates the LSCP layer,
the laser energy absorption in the layer induces significant heating. The subsequent thermal expansion
generates a strong transient pressure applied normally to the sample surface. The amplitude of the
longitudinal acoustic pulse launched by the LSCP layer in the material could be non-destructively
increased by 20–50 times relative to that generated, even with the destructive ablative mechanism.
Importantly, almost complete absorption of the laser energy by the LSCP layer prevents the sample
surface from laser damage. Bulk longitudinal waves of the maximal amplitude launched by the
surface-applied pressure is in the direction normal to the sample surface. Thus, the out-of-plane
displacement can be easily detected at the opposite surface of the sample by the interferometer.
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Figure 1. Diagrammatic sketch of the processes taking place when laser irradiates the liquid layer
constrained by a transparent solid.

2.2. The Experimental Setup and Procedures

The samples used in experiments are 6000-series Al-Mg-Si alloy plates with the dimension of
38 mm × 20 mm × 3 mm. They were cut from an aluminum alloy block (Al6061-T6). The roughness and
flatness of samples were standardized by keeping the same machining conditions. The heat-treatment
processes applied to the aluminum plates was presented schematically in Figure 1 of Reference [56].
Before inducing thermal aging to the specimens, they were solution heat-treated for 4 h at 540 ◦C and then
water-cooled quickly to put preexisting precipitating microscopic particles back into the solution, trapping
the precipitates in the solution and yielding a quasi-homogeneous material state. Each sample was then
heat-treated at 220 ◦C, for different heat-treatment times of 0 min, 20 min, 40 min, 1 h, 2 h, 10 h, 100 h and
1000 h. As a result, these samples were prepared with gradually increasing levels of thermal aging.
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For experimental evaluation of the acoustic nonlinearity of thermally aged aluminum alloys, it is
essential to nondestructively generate and detect finite-amplitude acoustic waves. The experimental
configuration is depicted schematically in Figure 2. During the experimental process, plate-type
samples were oriented horizontally and were mounted on a translation stage to adjust the laser
generating position in the x-y plane. The transient stresses in the thin LSCP layer was generated by
using a pulsed laser (max output power of 4 J) at the wavelength of 1064 nm, with pulse duration
of 10 ns. A combination of a half wave plate and a polarized beam splitter (PBS) was implemented
to tune the output laser energy. A transparent glass plate placed before the convex lens was used
to reflect a portion of laser energy to the energy meter. The laser energy irradiating directly on the
top surface of the tested structure was monitored in real-time through the measured ratio between
the energy transmitted to the sample surface and that reflected to the energy meter. The diameter
of the generation laser spot was ~3.0 mm. The out-of-plane displacement at the bottom surface was
detected by an OFV-5000 interferometer (Polytec, Waldbronn, Germany, 2007), produced by Polytec,
operating at 633 nm optical wavelength. The frequency range where the interferometer can be used
varies from near DC to 20 MHz. A 1064 nm filter is placed in front of the interferometer to eliminate the
influence of the generation laser. The detection laser was focused on the bottom surface to a diameter
of approximately 80 µm to 100 µm. Finally, detected signals were displayed on a RIGOL DS4024 digital
storage oscilloscope.
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Figure 2. The scheme of the experimental setup.

3. Results

3.1. The Generation of Finite-Amplitude Acoustic Wave with Liquid-Suspended Carbon Particles (LSCP) Layer

As illustrated in Figure 3, two measurements of out-of-plane displacements, represented by black
color and red color, were obtained at the epicenter of the rear sample surface by the interferometer.
The black curve is the result without the application of the LSCP layer at a laser power density of
61.8 MW/cm2 and the red curve is the result with the LSCP layer and the glass cover plate at a laser
power density of 18.1 MW/cm2. Based on the knowledge of the longitudinal wave velocity in these
samples [56] and the thickness of the sample, the equidistant peaks marked by red arrows on the
displacement curves in Figure 3 can be identified with the arrivals in the epicenter on the rear surface
of the sample of the wave, propagating directly from the front surface of the sample and its subsequent
four echoes. As a comparison, the amplitude of the direct longitudinal wave generated with the
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use of the LSPC layer is approximately nine times larger than that generated without its application
(Figure 3), while laser fluence in the first case was just one fourth of that in the second case. Thus,
with the optoacoustic transducer based on the confined LSCP layer, the amplitude of the acoustic
waves can be increased by more than an order of magnitude.
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Figure 3. Signals with and without application of the liquid-suspended carbon particles (LSCP) layer
for optoacoustic conversion at the same generation point.

3.2. Distortion of Direct Longitudinal Waves

The experiments demonstrated that, in all tested samples undergoing different heat-treatment
times, profiles of detected acoustic pulses exhibited systematic modifications with increasing laser
power densities applied for the photo-excitation of acoustic waves. As an example, we present in
Figure 4 detected profiles of surface displacement and evaluated profiles of particle velocity in the
direct longitudinal acoustic pulse detected in the sample subjected to thermal aging for 2 h.
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Figure 4. The transformation of profiles of the particle displacement (left) and of the particle velocity
(right) in longitudinal acoustic pulses arriving to the rear (detection) surface of the plate directly
from the front (generation) surface of the plate with increasing laser power densities applied for the
excitation of the LSCP layer.

Profiles of the particle velocity presented in the right part of Figure 4 clearly reveal the following
tendencies in the acoustic pulse evolution with increasing laser power: (a) There is an accumulating
delay of the pulse peak arrival and (b) there is an accumulating delay in the end time of the first
positive (compressional) phase of the particle velocity profile. Both these tendencies are known
manifestations of the influence of the hysteretic nonlinearity of the materials on the propagation
of the acoustic pulses, as theoretically predicted for longitudinal waves in micro-inhomogeneous
media [57] and convincingly experimentally observed for torsional pulses in the chains of mechanical
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beads [58]. Theories of longitudinal acoustic pulse propagation in hysteretic media [57,59] have been
earlier applied for the explanation of the broadening, without the formation of any shock fronts,
of longitudinal acoustic pulses launched in annealed aluminum by an electromagnetic-induction type
transducer in comparison with those launched in non-annealed aluminum [60]. The explanation of
the nonlinear transformation of the profile of unipolar acoustic pulses in aluminum as a function of
the annealing temperature, applied during the preparation of the specimens, for a fixed distance of
the propagation was based on the assumption that the parameter of hysteretic quadratic nonlinearity,
h, increases with the rise of the annealing temperature. Note that this assumption is in accordance
with established dependence on annealing process characteristics of the parameter h in copper [21,61].
The theory in [57] has also provided insight in the observed nonlinear transformation of laser-generated
longitudinal acoustic pulses in cracked rocks [62].

3.3. Quantitative Evaluation of the Hysteretic Quadratic Nonlinearity of Aluminum Alloy

Theoretical predictions and experimental observations for acoustic pulse propagation in the media
with hysteretic quadratic nonlinearity indicate that the end-time of the first (compressional) phase of
the particle velocity profile in an acoustic pulse exhibits more pronounced variations as a function
of both pulse amplitude and propagation distance [57,58] than the time of the particle velocity peak
arrival. This fact could be appreciated by the examination of the acoustic pulse profile transformation
depicted in Figures 5, 7 and 8 in Reference [57] and Figure 4 in Reference [58]. That is why, for the
determination of the hysteretic parameter of specimens, we measured variations in the end-time of the
detected leading phase of the particle velocity profile as a function of detected peak velocity amplitude.
The results of these measurements for all samples subjected to different heat treatment durations
are presented in Figure 5. Note that not only the differences in hysteretic acoustic nonlinearity of
differently aged samples but also the differences in sample thicknesses contribute to the variations of
the arrival times in Figure 5. However, independently of the sample’s thickness, the results in Figure 5
explicitly demonstrate the tendency that in all characterized samples the growth of the amplitude of
acoustic pulses results in a delayed end-time of the leading phase.
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Figure 5. Variations in the end-time of the leading phase of the particle velocity profile in detected
acoustic pulses as a function of the detected amplitude of this phase. Straight red lines provide the best
linear fits for experimental points.
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In theory [57] the local shift in end-time of the leading phase, dτ0, is proportional to the parameter
of the hysteretic quadratic nonlinearity, h, to the local amplitude of the leading phase of propagating
acoustic pulse, V(x), and to the increase in propagation distance of the acoustic pulse, dx (see,
as an example, Equation (31) in Reference [57]), as follows: dτ0(x) =

[
h/

(
2c2

L
)]

V(x)dx. Here cL
denotes linear longitudinal acoustic velocity in the medium. In the case of weak manifestations of the
hysteretic quadratic nonlinearity, as it is observed in Figure 5, the integration of the above relation
along the propagation distance of an acoustic pulse leads in the first leading approximation to the
following: τ0(H) =

[
h/

(
2c2

L
)]

V(H)H, where H denotes the thickness of the aluminum alloy plate in
our experiments. Consequently, the parameter of the hysteretic quadratic nonlinearity of the material
can be found in our experiments by evaluating the slope, in linear dependence, of the measured
end-time of the leading phase on the measured amplitude, V0(H), of the following phase:

h = (4c2
L/H)[τ0(H)/V0(H)] (1)

In deriving Equation (1) we took into account that the particle velocity at the mechanically
free surface of our samples is twice larger than in propagating acoustic wave, V(H) = V0(H)/2.
To evaluate the hysteretic parameter in the frame of Equation (1) we used sound velocities documented
for our samples in Reference [56], our measurements of the aluminum alloy plate thickness, and the
slopes, τ0(H)/V0(H), of the best linear fit to experimental data presented in Figure 5. The evaluated
dependence of the hysteretic quadratic nonlinearity on the aging time of the aluminum alloy is
presented in Figure 6.
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Figure 6. The dependence of the parameter of hysteretic quadratic nonlinearity on the time of thermal
aging of aluminum alloy at 220 ◦C. Vertical bars provide a 70% confidence interval for red straight-line
fitting in Figure 5.

Experimental results presented in Figure 6 indicate positive values of the hysteretic parameter, h,
as it is expected theoretically [63–65] for all possible materials. They reveal values of the parameter
of hysteretic quadratic nonlinearity, which are at least an order of magnitude larger than the values
of the parameter of elastic quadratic nonlinearity in homogeneous solids [66]. The variations of the
parameter h of more than 50%, as a function of aging time (Figure 6), demonstrate its high sensitivity
to the state of the thermally treated alloy. It is worth noting here that variations in the same samples of
linear velocity of longitudinal acoustic waves, as a function of aging time, do not exceed 1% (Table 2 in
Ref. [56]).

4. Discussion

It is well established theoretically and supported experimentally that typical integer-power-law
elastic nonlinearities, i.e., for example quadratic and cubic, cannot induce the temporal shifts
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of zero points in the acoustic wave velocity profile unless a weak shock front is formed [67,68].
The experimentally observed shift in the end-point of the leading phase of a longitudinal acoustic
pulse is a fingerprint of the hysteretic quadratic nonlinearity, similar to others, such as the linear shift
with the vibration amplitude of the resonance frequency of micro-inhomogeneous bars [63,69] and the
generation of the third harmonic with the amplitude proportional to the square of fundamental wave
amplitude in some experiments [61].

First, we evaluated the characteristic length scale for a substantial influence of the hysteretic
quadratic nonlinearity on the propagation of longitudinal acoustic pulses in our experiments.
The so-called nonlinear length, xNL, is defined [57,58,65] for the hysteretic quadratic nonlinearity by
the same combination of material parameters, as in the case of the elastic quadratic nonlinearity [65,67],
with a replacement of the parameter of the elastic nonlinearity by the parameter of the hysteretic
nonlinearity, as follows:

xNL = 2c2
Lτ/(hV) (2)

where τ and V are the characteristic duration of acoustic transient and the characteristic particle
velocity, respectively. Substituting in Equation (2) a half of the maximal particle velocity (V ≈ 2.5 m/s)
from Figure 5, the characteristic duration of the leading phase (τ ≈ 55 ns) from Figure 5, the maximal
measured hysteretic parameter (h ≈ 300) from Figure 6 and the acoustic wave velocity cL ≈ 6, 400 m/s
from Reference [56], we estimate xNL ≈ 6 mm ≈ 2H in our experiments. Thus, Equation (1) can be
considered a good approximation for the evaluation of h and our theoretical approach for the estimation
of h from experimental data is self-consistent.

Second, in Figure 7, we compare the dependencies on the duration of aluminum alloy thermal
aging of the parameter of the hysteretic quadratic nonlinearity and of the yield strength. The latter was
measured for the same samples in Reference [56]. The comparison reveals that aging times for two
local maxima of the hysteretic parameter correlate with the position of the minima and the maxima in
the variations of yield strength as a function of the thermal aging time of the aluminum alloy (Al6061).
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Figure 7. Dependence on the heat-treatment time of the measured parameter of hysteretic quadratic
nonlinearity, h, and of the yield strength (adopted from Reference [56]).

A similar correlation was revealed earlier between the maxima of the elastic quadratic nonlinearity
in longitudinal waves and the Vickers hardness of another aluminum alloy, Al2024, in Reference [70].
In both cases one of the nonlinearity maxima coincides with the maximum of the yield strength
(hardness), while the preceding local minimum in the nonlinearity is achieved at an aging time
located between the times of minimum and maximum yield strength/hardness (compare Figure 7
above and Figure 1 in Reference [70]). The fact of the correlation between the local maximum in
the parameter of elastic quadratic nonlinear with the absolute maximum in the Vickers hardness in
their dependences on thermal aging time was also documented for the steel alloy [23]. There exist
theoretical developments [29,70], based on the analysis of alloy precipitation phases and the effect
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of precipitate coherency strains on the acoustic harmonic generation, which provide insight in
experimentally observed variations of the quadratic elastic nonlinearity with precipitate heat treatment
time. Our experimental observations call for the development of the theory explaining microscopic
reasons for, documented by us, strong variations in the hysteretic quadratic nonlinearity of the alloys
subjected to thermal aging and their correlations with the variations of the yield strength.

Third, in Figure 8, we compare relative acoustic nonlinearity parameters between intact and aged
states of the hysteretic quadratic nonlinearity, h ≡ [h(t)− h(t = 0)]/h(t = 0) for longitudinal acoustic
waves, evaluated by us, using the data presented in Figure 6, and of the elastic quadratic nonlinearity
for Rayleigh surface acoustic waves, β ≡ (βaged − βintact)/βintact, measured in the same samples in
Reference [56]. In Reference [56] the measurements were conducted in two different experimental
configurations. In the first configuration, denoted as PZT-PZT in Figure 8 both the generation of the
fundamental tone and the detection of the second harmonic were accomplished by piezoelectric wedge
transducers. In the second configuration, denoted as LASER-PZT in Figure 8, the generation of the
surface acoustic wave packet was achieved by a pulsed layer through a line-arrayed slit mask.
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The comparison reveals that in the aluminum alloy (Al6061) the parameter of the hysteretic
quadratic nonlinearity for longitudinal waves exhibits relative variations, which are of the same order
of magnitude as relative variations of parameter of the elastic quadratic nonlinearity for Rayleigh-type
surface acoustic waves [56]. Figure 8 demonstrates that relative changes of the hysteretic and of the
elastic quadratic nonlinearities are in phase for thermal aging durations t ≤ 40 min and t ≥ 10 h.
The most interesting observations are the anti-phase variations of these two nonlinear parameters at
t = 2 h, the time which in accordance to Figure 7 corresponds to the maximum of the yield strength
in the thermally treated aluminum alloy (Al6061). Unfortunately, similar to the case of the hysteretic
quadratic nonlinearity for longitudinal acoustic waves, to our knowledge, there are currently no
theories of the elastic quadratic nonlinearity for surface acoustic waves in thermally treated metal alloys.
However, we hope that the accumulation of experimental data on both types of the nonlinearities in
the same thermally aged alloy would make the challenging theoretical developments more requested
and valuable. In its current state, the proposed laser-based nonlinear acoustic method is obviously
unable to predict the aging in a material that there is no previous knowledge about. For this advanced
application important theoretical investigations should be undertaken to establish a link between the
modifications of hysteretic quadratic nonlinearity and thermal load applied to the material. However,
it could now already be possible to take advantage of the high sensitivity of the proposed technique to
thermal aging by calibrating nonlinear acoustic responses for particular materials.
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5. Conclusions

The measurements of the parameter of hysteretic quadratic nonlinearity were accomplished in
aluminum alloy specimens subjected to different increasing durations of thermal aging at elevated
temperatures for the first time. Correlations revealed in the variations of the hysteretic nonlinearity
of the material and of the yield strength of the material in the process of its thermal aging provide
the potential for future research, with the goal of applying developed laser ultrasonic techniques for
non-destructive monitoring of material strength when it is modified in thermally-induced processes
(aging, fatigue, damage). These application perspectives are similar to those revealed earlier for
elastic quadratic nonlinearity of aluminum alloys as an indicator of microstructural changes in the
material [56,70]. Currently, the progress in the application of nonlinear acoustic techniques based on
bulk and surface acoustic waves is impeded by the absence of theories relating to the variations of the
elastic nonlinearity parameter for surface acoustic waves and of the hysteretic nonlinearity parameter
for bulk longitudinal acoustic waves with microstructural changes taking place in the sequence of
precipitation phases [71–75], induced by the thermal treatment of the alloy.

Author Contributions: Conceptualization, C.N., V.E.G., and K.-Y.J.; methodology, V.E.G. and C.N.; software,
M.L. and C.N.; validation, M.L., A.M.L., and C.N.; formal analysis, M.L. and V.E.G.; investigation, M.L., C.N.,
and A.M.L.; resources, K.-Y.J., H.S., Z.S., and C.N.; data curation, A.M.L., C.N., and M.L.; writing—original
draft preparation, C.N., V.E.G., and M.L.; writing—review and editing, V.E.G., C.N., M.L., Z.S., K.-Y.J., and H.S.;
visualization, M.L. and C.N.; supervision, Z.S., V.E.G., and K.-Y.J.; project administration, C.N., Z.S., and K.-Y.J.;
funding acquisition, Z.S., C.N., and K.-Y.J.

Funding: This research was funded by the National Natural Science Foundation of China (Grant No. 61627802),
National Natural Science Foundation of China (Grant No. 61405093), Natural Science Foundation of Jiangsu
Province (Grant No. BK20140771), and the Fundamental Research Funds for the Central Universities (Grant No.
30916014112-001).

Acknowledgments: The authors would like to thank Zhihong Xu of Nanjing University of Science and Technology
for providing the interferometer.

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

References

1. Cantrell, J.H. Substructural organization, dislocation plasticity and harmonic generation in cyclically stressed
wavy slip metals. Proc. R. Soc. Math. Phys. Eng. Sci. 2004, 460, 757–780. [CrossRef]

2. Xiang, Y.X.; Zhu, W.J.; Liu, C.J.; Xuan, F.Z.; Wang, Y.N.; Kuang, W.C. Creep degradation characterization of
titanium alloy using nonlinear ultrasonic technique. NDT E Int. 2015, 72, 41–49. [CrossRef]

3. Rauter, N.; Lammering, R.; Kuhnrich, T. On the detection of fatigue damage in composites by use of second
harmonic guided waves. Compos. Struct. 2016, 152, 247–258. [CrossRef]

4. Hess, P. Surface acoustic waves in materials science. Phys. Today 2002, 55, 42–47. [CrossRef]
5. Hitchman, S.; van Wijk, K.; Davidson, Z. Monitoring attenuation and the elastic properties of an apple with

laser ultrasound. Postharvest Biol. Technol. 2016, 121, 71–77. [CrossRef]
6. Cavuto, A.; Martarelli, M.; Pandarese, G.; Revel, G.M.; Tomasini, E.P. Train wheel diagnostics by laser

ultrasonics. Measurement 2016, 80, 99–107. [CrossRef]
7. Hayashi, T. Non-contact imaging of pipe thinning using elastic guided waves generated and detected by

lasers. Int. J. Press. Vessel. Pip. 2017, 153, 26–31. [CrossRef]
8. Karabutov, A.A.; Podymova, N.B.; Cherepetskaya, E.B. Determination of uniaxial stresses in steel 816

structures by the laser–ultrasonic method. J. Appl. Mech. Tech. Phys. 2017, 58, 503–510. [CrossRef]
9. Cherepetskaya, E.B.; Karabutov, A.A.; Mironova, E.A.; Podymova, N.B.; Zharinov, A.N. Contact

laser-ultrasonic evaluation of residual stress. Appl. Mech. Mater. 2016, 843, 118–124. [CrossRef]
10. Podymova, N.B.; Karabutov, A.A. Combined effects of reinforcement fraction and porosity on ultrasonic

velocity in SiC particulate aluminum alloy matrix composites. Compos. Part B Eng. 2017, 113, 138–143.
[CrossRef]

http://dx.doi.org/10.1098/rspa.2003.1181
http://dx.doi.org/10.1016/j.ndteint.2015.02.001
http://dx.doi.org/10.1016/j.compstruct.2016.05.049
http://dx.doi.org/10.1063/1.1472393
http://dx.doi.org/10.1016/j.postharvbio.2016.07.006
http://dx.doi.org/10.1016/j.measurement.2015.11.014
http://dx.doi.org/10.1016/j.ijpvp.2017.05.006
http://dx.doi.org/10.1134/S0021894417030154
http://dx.doi.org/10.4028/www.scientific.net/AMM.843.118
http://dx.doi.org/10.1016/j.compositesb.2017.01.017


Appl. Sci. 2019, 9, 1191 11 of 13

11. Bychkov, A.; Simonova, V.; Zarubin, V.; Cherepetskaya, E.; Karabutov, A. The Progress in Photoacoustic and
Laser Ultrasonic Tomographic Imaging for Biomedicine and Industry: A Review. Appl. Sci. 2018, 8, 1931.
[CrossRef]

12. Glushkov, E.; Glushkova, N.; Bonello, B.; Lu, L.; Charron, E.; Gogneau, N.; Julien, F.; Tchernycheva, M.;
Boyko, O. Evaluation of Effective Elastic Properties of Nitride NWs/Polymer Composite Materials Using
Laser-Generated Surface Acoustic Waves. Appl. Sci. 2018, 8, 2319. [CrossRef]

13. Patel, R.; Hirsch, M.; Dryburgh, P.; Pieris, D.; Achamfuo-Yeboah, S.; Smith, R.; Light, R.; Sharples, S.; Clare, A.;
Clark, M. Imaging Material Texture of As-Deposited Selective Laser Melted Parts Using Spatially Resolved
Acoustic Spectroscopy. Appl. Sci. 2018, 8, 1991. [CrossRef]

14. Nagy, P.B. Fatigue damage assessment by nonlinear ultrasonic materials characterization. Ultrasonics 1998,
36, 375–381. [CrossRef]

15. Deng, M.X. Characterization of surface properties of a solid plate using nonlinear Lamb wave approach.
Ultrasonics 2006, 44, E1157–E1162. [CrossRef]

16. Kim, C.S.; Kwun, S.I.; Park, I.K. Characterization of creep-fatigue in ferritic 9Cr-Mo-V-Nb steel using
ultrasonic velocity. J. Nucl. Mater. 2008, 377, 496–500. [CrossRef]

17. Li, W.; Cho, Y.; Lee, J.; Achenbach, J.D. Assessment of Heat Treated Inconel X-750 Alloy by Nonlinear
Ultrasonics. Exp. Mech. 2013, 53, 775–781. [CrossRef]

18. Na, J.K.; Breazeale, M.A. Ultrasonic nonlinear properties of lead zirconate-titanate ceramics. J. Acoust. Soc. Am.
1994, 95, 3213–3221. [CrossRef]

19. Bonner, B.P.; Wanamaker, B.J. Nonlinear acoustic effects in rocks and soils. In Review of Progress in Quantitative
Nondestructive Evaluation; Thompson, D.O., Chimenti, D.E., Eds.; Springer: Boston, MA, USA, 1990; Volume 9,
pp. 1709–1713. ISBN 978-1-4684-5772-8.

20. Shkolnik, I.; Zarembo, L.; Krasilnikov, V. On structural non-linear diagnostics of solids and estimation of
their strength. In Frontiers of Nonlinear Acoustics, Proceedings of the 12th ISNA, Austin, TX, USA, 27–31 August
1990; Hamilton, M.F., Blackstock, D.T., Eds.; Elsevier Science: London, UK, 1990.

21. Nazarov, V.E. Sound damping by sound in metals. Acoust. Lett. 1991, 15, 22–25.
22. Zinszner, B.; Johnson, P.A.; Rasolofosaon, P.N.J. Influence of change in physical state on elastic nonlinear

response in rock: Significance of effective pressure and water saturation. J. Geophys. Res. 1997, 102, 8105–8120.
[CrossRef]

23. Xiang, Y.X.; Deng, M.X.; Xuan, F.Z.; Liu, C.J. Cumulative second-harmonic analysis of ultrasonic Lamb
waves for ageing behavior study of modified-HP austenite steel. Ultrasonics 2011, 51, 974–981. [CrossRef]

24. Amura, M.; Meo, M. Prediction of residual fatigue life using nonlinear ultrasound. Smart Mater. Struct. 2012,
21, 045001. [CrossRef]

25. Blackshire, J.L.; Sathish, S.; Na, J.; Frouin, J. Nonlinear laser ultrasonic measurements of localized fatigue
damage. In Proceedings of the 29th Annual Review of Progress in Quantitative Nondestructive Evaluation,
Bellingham, WA, USA, 14–19 July 2002.

26. Li, W.; Cho, Y. Thermal Fatigue Damage Assessment in an Isotropic Pipe Using Nonlinear Ultrasonic Guided
Waves. Exp. Mech. 2014, 54, 1309–1318. [CrossRef]

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

28. Valluri, J.S.; Balasubramaniam, K.; Prakash, R.V. Creep damage characterization using non-linear ultrasonic
techniques. Acta Mater. 2010, 58, 2079–2090. [CrossRef]

29. Cantrell, J.H.; Zhang, X.G. Nonlinear acoustic response from precipitate-matrix misfit in a dislocation
network. J. Appl. Phys. 1998, 84, 5469–5472. [CrossRef]

30. Herrmann, J.; Kim, J.Y.; Jacobs, L.J.; Qu, J.M.; Littles, J.W.; Savage, M.F. Assessment of material damage in a
nickel-base superalloy using nonlinear Rayleigh surface waves. J. Appl. Phys. 2006, 99, 124913. [CrossRef]

31. Rao, V.; Kannan, E.; Prakash, R.V.; Balasubramaniam, K. Fatigue damage characterization using surface
acoustic wave nonlinearity in aluminum alloy AA7175-T7351. J. Appl. Phys. 2008, 104, 123508. [CrossRef]

32. Walker, S.V.; Kim, J.Y.; Qu, J.M.; Jacobs, L.J. Fatigue damage evaluation in A36 steel using nonlinear Rayleigh
surface waves. NDT E Int. 2012, 48, 10–15. [CrossRef]

33. Barnard, D.J.; Dace, G.E.; Buck, O. Acoustic harmonic generation due to thermal embrittlement of Inconel
718. J. Nondestruct. Eval. 1997, 16, 67–75. [CrossRef]

http://dx.doi.org/10.3390/app8101931
http://dx.doi.org/10.3390/app8112319
http://dx.doi.org/10.3390/app8101991
http://dx.doi.org/10.1016/S0041-624X(97)00040-1
http://dx.doi.org/10.1016/j.ultras.2006.05.158
http://dx.doi.org/10.1016/j.jnucmat.2008.04.012
http://dx.doi.org/10.1007/s11340-012-9681-6
http://dx.doi.org/10.1121/1.409985
http://dx.doi.org/10.1029/96JB03225
http://dx.doi.org/10.1016/j.ultras.2011.05.013
http://dx.doi.org/10.1088/0964-1726/21/4/045001
http://dx.doi.org/10.1007/s11340-014-9882-2
http://dx.doi.org/10.1088/0964-1726/21/8/085019
http://dx.doi.org/10.1016/j.actamat.2009.11.050
http://dx.doi.org/10.1063/1.368309
http://dx.doi.org/10.1063/1.2204807
http://dx.doi.org/10.1063/1.2956396
http://dx.doi.org/10.1016/j.ndteint.2012.02.002
http://dx.doi.org/10.1007/BF02683879


Appl. Sci. 2019, 9, 1191 12 of 13

34. Nam, T.; Choi, S.; Lee, T.; Jhang, K.Y.; Kim, C.S. Acoustic Non linearity of Narrowband Laser-generated
Surface Waves in the Bending Fatigue of Al6061 Alloy. J. Korean Phys. Soc. 2010, 57, 1212–1217. [CrossRef]

35. Pruell, C.; Kim, J.Y.; Qu, J.; Jacobs, L.J. A nonlinear-guided wave technique for evaluating plasticity-driven
material damage in a metal plate. NDT E Int. 2009, 42, 199–203. [CrossRef]

36. Zeitvogel, D.T.; Matlack, K.H.; Kim, J.Y.; Jacobs, L.J.; Singh, P.M.; Qu, J. Characterization of stress corrosion
cracking in carbon steel using nonlinear Rayleigh surface waves. NDT E Int. 2014, 62, 144–152. [CrossRef]

37. Thiele, S.; Kim, J.Y.; Qu, J.; Jacobs, L.J. Air-coupled detection of nonlinear Rayleigh surface waves to assess
material nonlinearity. Ultrasonics 2014, 54, 1470–1475. [CrossRef]

38. Thiele, S.; Matlack, K.H.; Kim, J.Y.; Qu, J.; Wall, J.J.; Jacobs, L.J. Assessment of precipitation in alloy steel
using nonlinear Rayleigh surface waves. In Proceedings of the 10th International Conference on Barkhausen
and Micro-Magnetics (ICBM), Baltimore, MD, USA, 21–26 July 2013.

39. Sohn, H.; Lim, H.J.; Desimio, M.P.; Brown, K.; Derriso, M. Nonlinear ultrasonic wave modulation for online
fatigue crack detection. J. Sound Vib. 2014, 333, 1473–1484. [CrossRef]

40. Xiang, Y.X.; Deng, M.X.; Xuan, F.Z.; Liu, C.J. Effect of precipitate-dislocation interactions on generation of
nonlinear Lamb waves in creep-damaged metallic alloys. J. Appl. Phys. 2012, 111, 375. [CrossRef]

41. 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, 60–61, 182–197. [CrossRef]

42. Gao, G.; Li, D.; Shi, D.; Dong, J. Detection on Fatigue Crack of Aluminum Alloy Plate Based on Modulation
Nonlinear Lamb Waves and Time Reversal Method. Procedia Eng. 2012, 29, 1373–1377. [CrossRef]

43. Xiang, W.; Zhang, Q.; Xu, G.; Tse, P.W. Numerical Simulation of Nonlinear Lamb Waves Used in a Thin Plate
for Detecting Buried Micro-Crack. Sensors 2014, 14, 8528–8546. [CrossRef]

44. Baby, S.; Kowmudi, B.N.; Omprakash, C.M.; Satyanarayana, D.V.V.; Balasubramaniam, K.; Kumar, V. Creep
damage assessment in titanium alloy using a nonlinear ultrasonic technique. Scr. Mater. 2008, 59, 818–821.
[CrossRef]

45. Zhu, W.; Deng, M.; Xiang, Y.; Xuan, F.Z.; Liu, C.; Wang, Y.N. Modeling of ultrasonic nonlinearities for
dislocation evolution in plastically deformed materials: Simulation and experimental validation. Ultrasonics
2016, 68, 134–141. [CrossRef]

46. Cantrell, J.H.; Yost, W.T. Nonlinear ultrasonic characterization of fatigue microstructures. Int. J. Fatigue 2001,
23, 487–490. [CrossRef]

47. Shui, G.; Wang, Y.S.; Huang, P.; Qu, J. Nonlinear ultrasonic evaluation of the fatigue damage of adhesive
joints. NDT E Int. 2015, 70, 9–15. [CrossRef]

48. Hong, J.Y.; Kim, J.H.; Park, S.J.; Kwak, H.G. Characterization of thermally damaged concrete using a
nonlinear ultrasonic method. Cem. Concr. Res. 2012, 42, 1438–1446. [CrossRef]

49. Sohn, Y.; Krishnaswamy, S. Interaction of a scanning laser-generated ultrasonic line source with a
surface-breaking flaw. J. Acoust. Soc. Am. 2004, 115, 172–181. [CrossRef]

50. Shan, Q.; Dewhurst, R.J. Surface-breaking fatigue crack detection using laser ultrasound. Appl. Phys. Lett.
1993, 62, 2649–2651. [CrossRef]

51. Grégoire, G.; Tournat, V.; Mounier, D.; Gusev, V.E. Nonlinear photothermal and photoacoustic processes for
crack detection. Eur. Phys. J. Spec. Top. 2008, 153, 313–315. [CrossRef]

52. Mezil, S.; Chigarev, N.; Tournat, V.; Gusev, V.E. All-optical probing of the nonlinear acoustics of a crack.
Opt. Lett. 2011, 36, 3449–3451. [CrossRef]

53. Lomonosov, A.; Hess, P. Effects of Nonlinear Elastic Surface Pulses in Anisotropic Silicon Crystals. Phys. Rev. Lett.
1999, 83, 3876–3879. [CrossRef]

54. Lomonosov, A.; Mikhalevich, V.G.; Hess, P.; Knight, E.Y.; Hamilton, M.F.; Zabolotskaya, E.A. Laser-generated
nonlinear Rayleigh waves with shocks. J. Acoust. Soc. Am. 1999, 105, 2093–2096. [CrossRef]

55. Lomonosov, A.; Hess, P.; Mayer, A.P. Observation of solitary elastic surface pulses. Phys. Rev. Lett. 2002, 88,
076104. [CrossRef]

56. Seo, H.; Jun, J.; Jhang, K.Y. Assessment of Thermal Aging of Aluminum Alloy by Acoustic Nonlinearity
Measurement of Surface Acoustic Waves. Res. Nondestr. Eval. 2017, 28, 3–17. [CrossRef]

57. Gusev, V. Propagation of the acoustic pulses in the materials with hysteretic nonlinearity. J. Acoust. Soc. Am.
2000, 107, 3047–3058. [CrossRef]

58. Cabaret, J.; Béquin, P.; Theocharis, G.; Andreev, V.; Gusev, V.E.; Tournat, V. Nonlinear Hysteretic Torsional
Waves. Phys. Rev. Lett. 2015, 115, 054301. [CrossRef]

http://dx.doi.org/10.3938/jkps.57.1212
http://dx.doi.org/10.1016/j.ndteint.2008.09.009
http://dx.doi.org/10.1016/j.ndteint.2013.12.005
http://dx.doi.org/10.1016/j.ultras.2014.04.020
http://dx.doi.org/10.1016/j.jsv.2013.10.032
http://dx.doi.org/10.1063/1.4720071
http://dx.doi.org/10.1016/j.ymssp.2015.01.020
http://dx.doi.org/10.1016/j.proeng.2012.01.143
http://dx.doi.org/10.3390/s140508528
http://dx.doi.org/10.1016/j.scriptamat.2008.06.028
http://dx.doi.org/10.1016/j.ultras.2016.02.016
http://dx.doi.org/10.1016/S0142-1123(01)00162-1
http://dx.doi.org/10.1016/j.ndteint.2014.11.002
http://dx.doi.org/10.1016/j.cemconres.2012.08.006
http://dx.doi.org/10.1121/1.1630997
http://dx.doi.org/10.1063/1.109274
http://dx.doi.org/10.1140/epjst/e2008-00453-1
http://dx.doi.org/10.1364/OL.36.003449
http://dx.doi.org/10.1103/PhysRevLett.83.3876
http://dx.doi.org/10.1121/1.426814
http://dx.doi.org/10.1103/PhysRevLett.88.076104
http://dx.doi.org/10.1080/09349847.2016.1261213
http://dx.doi.org/10.1121/1.429333
http://dx.doi.org/10.1103/PhysRevLett.115.054301


Appl. Sci. 2019, 9, 1191 13 of 13

59. Radostin, A. Acoustic pulses in media with power law hysteretic nonlinearity. Acta Acust. United Acust.
2018, 104, 410–416. [CrossRef]

60. Yasumoto, Y.; Nakamura, A.; Takeuchi, R. Developments in the use of acoustic shock pulses in the study of
elastic properties of solids. Acustica 1974, 30, 260–267. [CrossRef]

61. Nazarov, V.E. Nonlinear acoustic effects in annealed copper. Sov. Phys. Acoust. 1991, 37, 75–78.
62. In’kov, V.N.; Cherepetskaya, E.B.; Shkuratnik, V.L.; Karabutov, A.A.; Makarov, V.A. Ultrasonic laser

spectroscopy of mechanic-acoustic nonlinearity of cracked rocks. J. Appl. Mech. Tech. Phys. 2005, 46,
452–457. [CrossRef]

63. Nazarov, V.E.; Ostrovsky, L.A.; Soustova, I.A.; Sutin, A.M. Nonlinear acoustics of micro-inhomogeneous
media. Phys. Earth Planet. Int. 1998, 50, 65–73. [CrossRef]

64. Guyer, R.A.; Johnson, P.A. Nonlinear Mesoscopic Elasticity: Evidence for a new class of materials. Phys. Today
1999, 52, 30–36. [CrossRef]

65. Gusev, V.E.; Tournat, V.; Castagnède, B. Nonlinear acoustic phenomena in micro-inhomogeneous materials.
In Materials and Acoustics Handbook; Bruneau, M., Potel, C., Eds.; John Wiley & Sons, Inc.: Hoboken, NJ, USA,
2009; pp. 433–472. ISBN 9781848210745.

66. Zarembo, L.V.; Krasilnikov, V.A. Nonlinear phenomena in the propagation of elastic waves in solids.
Sov. Phys. Usp. 1971, 13, 778–797. [CrossRef]

67. Rudenko, O.V.; Soluyan, S.I. Theoretical Foundations of Nonlinear Acoustics; Consultant Bureau: New York, NY,
USA, 1977; ISBN 978-1-4899-4796-3.

68. Gusev, V.E.; Karabutov, A.A. Quasisynchronous sound excitation under acoustic nonlinearity conditions. In Laser
Optoacoustics; American Institute of Physics: New York, NY, USA, 1993; pp. 173–234. ISBN 1-56396-036-2.

69. Nazarov, V.E.; Ostrovskii, L.A.; Soustova, I.A.; Sutin, A.M. Anomalous acoustic nonlinearity in metals.
Sov. Phys. Acoust. 1988, 34, 284–289.

70. Cantrell, J.H.; Yost, W.T. Effect of precipitate coherency strains on acoustic harmonic generation. J. Appl. Phys.
1997, 81, 2957–2962. [CrossRef]

71. Dutta, I.; Allen, S.M.; Hafley, J.L. Effect of reinforcement on the aging response of cast 6061 Al-Al203
particulate composites. Metall. Trans. A 1991, 22, 2553–2563. [CrossRef]

72. Edwards, G.A.; Stiller, K.; Dunlop, G.L.; Couper, M.J. The precipitation sequence in Al-Mg-Si alloys. Acta Mater.
1998, 46, 3893–3904. [CrossRef]

73. Murayama, M.; Hono, K.; Saga, M.; Kikuchi, M. Atom probe studies on the early stages of precipitation in
Al-Mg-Si alloys. Mater. Sci. Eng. A Struct. Mater. Prop. Microstruct. Process. 1998, 250, 127–132. [CrossRef]

74. Murayama, M.; Hono, K. Pre-precipitate clusters and precipitation processes in Al-Mg-Si alloys. Acta Mater.
1999, 47, 1537–1548. [CrossRef]

75. Fang, X.; Song, M.; Li, K.; Du, Y. Precipitation sequence of an aged Al-Mg-Si alloy. J. Min. Metall. Sect. B Metall.
2010, 46, 171–180. [CrossRef]

© 2019 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/10.3813/AAA.919184
http://dx.doi.org/10.1121/1.1981913
http://dx.doi.org/10.1007/s10808-005-0096-3
http://dx.doi.org/10.1016/0031-9201(88)90094-5
http://dx.doi.org/10.1063/1.882648
http://dx.doi.org/10.1070/PU1971v013n06ABEH004281
http://dx.doi.org/10.1063/1.364327
http://dx.doi.org/10.1007/BF02851349
http://dx.doi.org/10.1016/S1359-6454(98)00059-7
http://dx.doi.org/10.1016/S0921-5093(98)00548-6
http://dx.doi.org/10.1016/S1359-6454(99)00033-6
http://dx.doi.org/10.2298/JMMB1002171F
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Mechanism of Finite-Amplitude Acoustic Wave Generation 
	The Experimental Setup and Procedures 

	Results 
	The Generation of Finite-Amplitude Acoustic Wave with Liquid-Suspended Carbon Particles (LSCP) Layer 
	Distortion of Direct Longitudinal Waves 
	Quantitative Evaluation of the Hysteretic Quadratic Nonlinearity of Aluminum Alloy 

	Discussion 
	Conclusions 
	References

