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Abstract

Early detection of incipient damage in structures through material degradation monitoring
is a challenging and important topic. Nonlinear guided waves, through their interaction with
material micro-defects, allow possible detection of structural damage at its early stage of
initiations. This issue is investigated using both the second harmonic Lamb (2" Lamb) waves
and the third harmonic shear horizontal (3" SH) waves in this paper. A brief analysis first
highlights the selection of the primary-secondary SO Lamb wave mode pair and primary-
tertiary SHO mode pair from the perspective of cumulative high order harmonic wave
generation. Through a tactic design, an experiment is then conducted to compare the
sensitivity of the 3" SH waves and the 2" Lamb waves to microstructural changes on the
same plate subjected to a dedicated thermal heating treatment. The 3™ SH waves are finally
applied to monitor the microstructural changes and material degradation in a plate
subjected to a thermal aging sequence, cross-checked by Vickers Hardness tests. The

experiment results demonstrate that the 3@ SH waves indeed exhibit higher sensitivity to



microstructural changes than the commonly used 2" Lamb waves. In addition, results
demonstrate that the designed 3" SH-wave-based system entails effective characterization
of thermal-aging induced microstructural changes in metallic plates.

Keywords Third harmonic SH waves, Microstructural changes, Thermal aging, Material
nonlinearity of plate, Vickers Hardness tests

1. INTRODUCTION

Early-stage material degradation in engineering structures, manifested in various forms
such as thermal aging, fatigue, plastic deformation and micro cracks etc., can gradually
evolve into macro damage so as to lead to prompt structural failure [1-4]. Therefore, their
early detection is vital for facilitating timely maintenance decisions. Among existing
damage detection techniques, the one based on nonlinear elastic waves has been attracting
wide attentions [5-7]. Specifically, for thin-walled structures such as plates, the second
harmonic Lamb waves (2" Lamb waves) have been extensively explored and applied for
the characterization of material degradation during the process of fatigue [8, 9], plastic

deformation, [10] and thermal aging [11], etc.

Recently, the 3™ SH waves were shown to offer appealing features for damage
detection in plates [12-14]. Due to their distinct features, SH waves are internally resonant
with their third harmonic counterparts at all frequencies [14], which offers enormous
flexibility for the selection of the excitation frequency in the design of inspection systems.
Second, as claimed by Liu et al. [15], the 3" SH waves seem to exhibit a higher sensitivity
to plastic (fatigue) deformation than the commonly used 2" Lamb waves, thus pointing at

the possibility of shifting the detection limit to the earlier stage. However, the reported



sensitivity comparison between the 3" SH waves and the 2" Lamb waves was conducted
using two different test specimens and experimental configurations [10, 15]. In order to
draw a more convincing and quantitative conclusion, more rigorous comparative
experiment is needed. The issue, however, is technically challenging because of the
difficulty in coping with the non-damage-related nonlinear sources existing in a test system
whose influence might overwhelm the damage-related nonlinear components. Therefore, a
meaningful comparative experiment can only be materialized after the undesired nonlinear
sources are meticulously mitigated. On the top of this is the prerequisite of generating both
well-controlled SH and Lamb waves on the same test sample, which requires meticulous

care as well.

Motivated by this, this paper reports a systematic investigation on the 3 SH waves in
the perspective of monitoring the incipient microstructural changes inside a metallic
structure, exemplified by a thermal-aging-induced material degradation. Particular
attention is paid to acquiring a quantitative comparison of their detection sensitivity with
the commonly used 2" Lamb waves using a meticulously designed experimental
configuration. To facilitate the analysis, the mechanism behind both the second harmonic
and third harmonic generation in a nonlinear material is first brievely revisited. The
primary-secondary SO Lamb wave mode pair and the primary-tertiary SHO mode pair are
selected based on the cumulative feature of their nonlinear components. Then, a preheated
specimen is choosen as a benchmark to carry out a comparative experiment, in which the
sensitivity of the 2" SO mode Lamb waves and that of the 3" SHO mode SH waves to
microstructural changes subject to a dedicated thermal heating treatment on the same plate

are compared. To make this possible, the system is tactically designed to ensure dominant



material nonlinearity over other non-damage related nonlinear sources. Finally, the 3@ SH
waves are applied to monitor the microstructural changes and material degradation in a
metal plate after imposing a sequence of thermal aging treatment. The measured variation
trends using the 3™ SH waves are further confirmed and validated by the Vickers Hardness

tests.

2. EXPERIMENTAL DESIGN

2.1 Theoretical background

To provide guidance to the experimental design, the mechanism of the 2" Lamb wave
and the 3™ SH wave generation is brievely revisited. For the former, exisiting literature [16]
shows that the primary SO-secondary SO Lamb wave mode pair can approximately satisfy
the synchronization conditions in the relatively low-frequency range, resulting in the quasi-
cumulative second harmonic generation. As such, this specific mode pair offers great
flexibility for the choice of excitation frequencies as only slight wave dispersion exists. In
light of this, the primary SO-secondary SO mode pair is used in this work. For the latter, it
is known that the 3@ SH waves are cumulative at all frequencies [17], which ensures a
strong third harmonic SH wave amplitude after a certain propagating distance, thus
facilitating its quantification through measurement. As a typical example, the primary SHO-

tertiary SHO mode pair will be used in the subsguent experiments.

Besides, it is worth noting that the 2" Lamb waves generated by the primary Lamb
waves and the 3" SH waves by the primary SH waves are determined by the Landau

constants. Specifically, the former is tied with the TOECs while the latter to both TOECs



and FOECs [17]. Therefore, incipient damage like thermal damage leads to material
microstructural changes, which can be reflected by the changes in the higher-order elastic
constants and consequently the corresponding nonlinear Lamb waves and SH wave

responses.

2.2 Specimen and preheating treatment

A comparative experiment is first conducted on a 2mm-thick 2024-T3 plate, which is
a wrought heat-treatable Al-Cu-Mg alloy. As a typical type of material degradation,
microstructural changes due to thermal aging are considered for threefold reasons: 1). It is
indeed a damage type relevant to many industrial applications; 2). it is relatively easy to
control the damage level and size through heating; and 3). It represents a weak incipient
damage scenario, conducive to the quantification of the sensitivity of the detection methods.
To create material property changes in the plate, a specially designed thermal treatment is
applied. Over the thermal aging process, the precipitation sequence along dislocations is

known as SSS—GPB—S"—S'—S [18]. As the main precipitate, S phase (Al.,CuMg)

precipitation becomes coarse over the thermal aging process, leading to a significant
microstructural change in the material [19]. The variations in the dislocation density
associated with the dislocation pileups at precipitates and grain boundaries should

sufficiently affect the generation of higher harmonic ultrasonic waves [15,20].

The microstructural changes induced by the precipitation can be manually controlled
by deploying different heating schemes. In this specific case, the central zone of the plate

is preheated for 3 hours at 200°C. According to the curves showing the effect of aging



temperatures on the age-hardening of Aluminum 2024-T3 alloy (without external stress)
given in [18], the material in the heating zone enters an over-aging state after the preheating
treatment. This stage is referred to as “State 17, as shown in Fig. 1(a). As demonstrated in
a previous study [16], this preheating would have already created significant
microstructures inside the plate. After that, subsquent thermal treatment is carried out again
at the same temperature for another 2 hours to reach the “State 2”. For the Aluminum 2024-
T3 specimen used in this work, it has been shown that the microstructures in the plate
change significantly when subject to the initial heating, but only slightly during the
subsequent reheating process [21]. It is worth noting that the sensitivity comparison was
made with respect ot the thermally-aged plate at State 1 and State 2. The rationale behind
the deliberate design of such an experimental campaign is to be able to test the sensitivity
of both methods in detecting small and incremental microstructural changes inside the plate

due to further heating.
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Figure 1. (a) Heating process for ultrasonic tests; (b) sketch of the Experimental set-up.

2.3 Experimental set-up

The experimental set-up is illustrated in Fig. 1(b). The thermal treatment on the
aluminum plate is achieved by a temperature-control heating platform within a
100mm x 100mm heating area. A cooling system is used to produce a barrier to prevent
the heat transfer from the heating area to the transducer-bonding areas. The cooling system

comprises 12 cooper blocks with cooling water passing through. Consequently, the



transducer-bonding areas remain at less than 50°C during the entire heating process, which

should have negligible effect on the properties of transducers and adhesive layers.

In the experiments, magnetostrictive transducers (MsTs) and piezoelectric transducers
(PZTs) are used for the generation and the reception of SH waves and Lamb waves,
respectively. The MsT-activated system and the PZT-activated system are installed on the
plate simultaneously. The former contains two MsT actuators and one MsT sensor for SH
waves. Each actuator has a 5-fold coil with a 5.4mm gap, corresponding to the half
wavelength of the 300kHz SHO waves in the plate. In contrast, the sensor has a 5-fold coil
with a 1.8mm gap, designed to be sensitive to the 900kHz SHO waves. As demonstrated in
the previous study [22], the nonlinearity from the transducers and instruments generally
overwhelms that of the material nonlinearity from the aluminum plate. That is the reason
why two MsT actuators are used. Through a subtraction signal separation scheme [17,23]
with two independent channels of the RITEC RAM-5000-SHAP system, the nonlinearity
of the MsT actuators can be effectively eliminated so that the damage-related nonlinear
responses can be effectively acquired. A 12-cycle tone-burst pulse with a central frequency
of 300kHz is used for excitations. For Lamb waves, one PZT actuator and one PZT sensor
are used for the wave generation and reception, respectively. Based on a previous work
[15], the system configuration is carefully designed to mitigate the influence of the un-
damage-related adhesive nonlinearity (AN). Specifically, an 18-mm wide PZT actuator is
used for the excitation of primary SO mode Lamb waves at 160 kHz. Measurements are
made with the National Instrument (N1) system, with details described in [15]. In each test,

200 signals are averaged to minimize the influence of the measurement noise.



3. SENSITIVITY COMPARISON BETWEEN 3Rf° SH WAVES AND 2N\P

LAMB WAVES

3.1 SH wave results from MsT-activated SHM system

In the MsT-activated SHM system, when the actuators of both channels were activated
simultaneously, the overall responses at Intact state, State 1 and State 2 are shown in Fig.
2. Through calculating and checking the group velocities, the dominant wave packets are
confirmed to correspond to the SHO waves. No obvious difference can be observed between

the three signals, demonstrating the limitation of linear ultrasonic-wave-based method for

the detection of microstructural changes.
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Figure 2. Overall signals at three states captured in the MsT-activated SHM system.
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Figure 3. (a) extracted time-domain nonlinear responses associated with the three material stages:

(b) spectra of the windowed wave packets in (a).



The responses separately excited from the two transducers are denoted as T (1) and

T(2), respectively. Accordingly, T (1+2) represents the mixed responses when the two
transducers are simultaneously activated. Taking the subtraction method to extract the
nonlinear wave components as Ry, =T (1+2)-T(1)-T(2) , the influence of nonlinear

sources from the actuator components can be eliminated. As shown in Fig. 3(a), the
processed nonlinear responses of the three tests, corresponding to the Intact state, State 1
and State 2 of the material, are two orders of magnitude smaller than the overall responses
presented in Fig. 2. Once applying the FFT to the windowed wave packets in Fig. 3(a),
significant third harmonic responses can be clearly observed in Fig. 3(b). It can be seen
that, the amplitude of the third harmonic wave component at around 900kHz experiments
experiences a dramatic increase (356%) after the preheating process, indicating the
significant changes in terms of material nonlinearities from Intact state to State 1. After
that, a remarkable reduction (more than 50%) can be observed when the material
transforms from State 1 to State 2. Such a roller coaster-like variation should only be

attributed to the microstructural changes in the material induced by two thermal treatments.

3.2 Lamb wave results from the PZT-activated SHM system

Similarly, the overall responses acquired in the PZT-activated system at the three states
are shown in Fig. 4. Again, no noticeable change can be observed in the linear responses.
Upon using the previously developed superposition method [15], the second harmonic
components are extracted using the responses to a pair of excitation signals with inversed

phase, as shown in Fig. 5(a). With the specifically-designed system, the wave packets in



the dotted window are associated with the 2" Lamb waves where the material nonlinearity
dominates. The magnitude information of the second harmonic responses in the window
shows a large difference before and after the heating treatments. Furthermore, the FFT
mothed is applied to the windowed wave packtets in Fig. 5(a). The corresponding
frequency domain responses of the three states are shown in Fig. 5(b). Similarly, the
amplitude of the second harmonic wave component at around 320kHz is increased more
than two times from Intact state to State 1. This validates the efficient of the optimimun
design for the PZT-activated system again when the only variable is the material state
changed by the thermal treatment. By contrast, results show a very slight reduction (2.2%)
after the re-heating process. This confirms that the 2" Lamb waves are not sensitive enough

to detect the microstructural changes from Statel to State 2.
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Figure 4. Overall signals at three states captured in the PZT-activated SHM system.
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Figure 5. (a) 2" Lamb wave responses corresponding to the two material stages; (b) spectra of the

windowed wave packets in (a).



Through comparing the results in Fig. 3(b) and Fig. 5(b) for the same damage scenario
in the same plate, it is clear that the 3" SH waves exhibit much higher sensitivity to the
microstructural changes than the 2" Lamb waves since the material microstructures
undergo the same change in the same test sample and using the same measurement systems.

This confirms the superiority of the 3 SH waves for early damage detection.

The experimental results point to the need for a closer examination on the correlation
between the thermal-induced microstructural changes and the high order material elastic
constants which affect the generation of high order harmonics as mentioned in the
theoretical part. Considering the large vagaries of possible incipient damage forms and the
corresponding microstructures, it might be virtually impossible to set up a direct and
universal link between the microstructures of different damages to the Landau higher-order
elastic constants used in this work. Nevertheless, an analysis on a parallel one-dimensional
problem could allow better understanding on the obtained experimental results. This is
done in Appendix through examining the relationship between a typical microstructural
change (dislocation) and the higher-order elastic constants. By extending an existing
dislocation model to a higher order one, it is demonstrated that the third order elastic
constant is proportional to the dislocation density while the fourth order one to its square.
For scenarios in which an incipient damage increases the dislocation density, the fourth
order elastic constant should, in principle, be more sensitive to the dislocation variation
caused by incipient damage than the third order one. Recalling the statements in the
theoretical analyses, the generated 2" Lamb waves are only related to the TOECs while

the generated 3@ SH waves to both TOECs and FOECs in a weakly nonlinear plate. In



analogy with the 1D case (though the wave pattern being different), it is deduced the

experimentally observed higher sensitivity of the 3™ SH waves is not accidental.

4. MONITORING OF MICROSTRUCTURAL CHANGES IN THERMALLY

AGED PLATES USING THE 3RP SH WAVES

4.1 Experimental strategy

After demonstrating the high sensitivity of the 3" SH waves to the microstructural
changes from the experimental perspectives, they are further applied to monitor the
evolution of the material degradation in a plate following a specific thermal aging process.
In the experiment, the same MsT-activated SHM system as that used in the previous section
iIs installed on a 2024-T3 plate of 625mm X 625mm X 2mm in Size, as shown in Fig. 6(a).
A heating sequence is designed in Fig. 6(b) to generate a continuous change of the
microstructure inside the plate. Test using SH waves is carried out before heating the plate,
which is referred to as the intact case. Then, the central area of the plate is heated to 200°C
for an hour with the installation of the heat barriers, same as [17]. After cooling down to
the room temperature and removing the heat barriers, test is carried out again to capture
the primary and high order harmonic responses. Such process is then repeated for three
more times with 2-hour, 3-hour and 4-hour heating time respectively. It is worth noting

that the cooling time should not affect test results.
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Figure 6. (a) Set-up of a MsT-activated SHM system; (b) heating scheme of thermal aging

treatment.

According to the literature [25], the second phase precipitation in the material has high
correlation with the hardness of the heat-treatable 2024-T3 alloy. Therefore, a Vickers
hardness test is also carried out at each heating stage as shown in Fig. 6(b) to cross-check

with the ultrasonic test results.

4.2 Results and discussions

The nonlinear SH responses are extracted using the same subtraction method described
in the previous section. Following the same procedure, FFT analysis is applied to extract
the amplitude of the frequency response. To ensure a high repeatability of the results, the

same tests are repeated four times to calculate the error bars. After normalization with



respect to the intact case, the third harmonic SH wave amplitudes corresponding to
different heating hours are obtained and shown in Fig. 7(a). In this figure, the horizontal
axis represents the cumulative heating time. It can be seen that, after one-hour heating, a
dramatic increase (120%) in the nonlinear responses can be observed. Besides, during the
first 3 hours, the amplitude of the 3 harmonic SH wave increases rapidly, roughly up to
two times of that in the intact case. After that, an obvious amplitude reduction takes place.
This implies the material microstructures become stable after a total of 6-hour heating. This
similar decrease trend can also be observed in the comparative tests as described in the

Section 3.2.
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Figure 7. Variations of (a) third SH harmonic amplitudes and (b) Vickers hardness in the

designed thermal aging scheme.

To verify the detected variation trend from the 3@ SH waves, a Vickers hardness test is
carried out, with results shown in Fig. 7(b). The aging-hardening phenomenon happens
during the first 3 hours heating, reaching a peak value of 156.63 from the initial value of
137 corresponding to the intact status of the plate. After that, a reduction in the hardness
indicates that the material begins the over-aging stage. The hardness of the aging specimen
after 10 hours then approaches 144.58, which is close to that of the 6-hour aging treatment,
suggesting that the microstructures of the material indeed become stable during the last 4
hours of the heating process. By comparing Figs. 7(a) and (b), it can be seen the variation

pattern of the Vickers hardness is in perfect agreement with that of the 3@ SH wave



amplitude, thus validating the efficacy and the accuracy of the 3 SH waves for the

monitoring of microstructural changes inside metallic materials.

CONCLUSIONS

In this work, the 3@ SH waves are systematically investigated in views of their
applications for material degradation monitoring, exemplified by thermal-aged
microstructural changes. A brief theoretical account is first given to offer an understanding
on the underlying mechanism behind the high order harmonic wave generation. Based on
this, two mode pairs, including the primary-secondary SO Lamb wave mode pair and the
primary-tertiary SHO wave mode pair are selected. With both the 3 SH wave-based SHM
system and the 2" Lamb wave-based SHM system installed on the same 2024-T3
aluminum plate, the sensitivity of these two types of nonlinear guided wave methods to
thermal-aging-induced microstructural changes is assessed and compared. After that, the
39 SH waves are applied to monitor the evolution of the material degradations in a plate
subjected to a tactically designed thermal aging treatment. Tests results are then verified

by a Vickers hardness test.

As a result of changes in the material microstructures due to the thermal aging
treatment, comparative experimental results show that the 3™ SH wave amplitude
experiences a drastic change while little changes can be observed in the 2" Lamb wave
amplitudes. This demonstrates the higher sensitivity of the 3 SH waves over the 2" Lamb
waves. As an application example, additional experiments also show that the variation

pattern of the 3 SH amplitude agrees well with that of the Vickers hardness test results at



different heating stages, confirming the reliability and accuracy of the 3@ SH waves in

delineating material microstructural changes inside metallic structures.

As a final remark, the presented findings enrich the existing knowledge on
microstructure characterization techniques using the 3" SH waves. With a proper system
design to mitigate non-damage-related nonlinear interference, such a technique can be

readily applied to realize the incipient damage detection with high sensitivity and fidelity.
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APPENDIX

During the thermal aging process, dislocation dipoles are produced to dramatically
change the microstructure and the mechanical properties of a metallic material [26]. A
generic one-dimensional Cauchy stress-dislocation dipole interaction model is developed
to link up material microstructures to the material nonlinear stress-strain relationship. For
simplicity, only normal stress is used in the theoretical analysis, following the common

practice widely adopted in the literature [27-28].

When a normal stress perturbation o is applied in a dislocation dipole zone, the
generated total strain € writes,

E=¢g,+&,, (A1)

in which ¢, and &, are elastic and plastic components associated with the dislocation

motion in the dipole configuration, respectively [29]. By extending the nonlinear Hooke’s

law to the third order, o and ¢, are linked up by,
e 1 e 2 1 e 3
o=H,s,+-Hjg " +=-H,s +, (A.2)
2 3
where H;, H; and H; denote Huang coefficients.

The dislocation dipolar force per unit length F, along the glide path (shear force per

unit length) is given by [30],

. ___Gb X(x*-y?)
b 2r(l-v) (x2+y2)2 ’

(A.3)



where G,b and v are the shear modulus, Burgers vector and Poisson’s ratio, respectively.
For simplicity, Eg. (A.3) assumes that Xziyzi-h. To facilitate the derivation, the

following equations are required [29],

V, =bRo, (A.4a)
F,+V, =0, (A.4b)
Ey = QAdpbg1 (A.4c)
¢=(x-h), (A.4d)

whereV, is the shear force per unit length; R the Schmid factor; @ the conversion factor;
A 4, the dislocation dipole density which is an indicator of the damage level; < the relative
dislocation displacement and h the dipole height. Through a power series expansion of Eq.
(A3), and combining Egs. (A.4), one can obtain the stress perturbation in terms of the

variable plastic strain as,

o=Hps, +%H§pgp,2+%ijgp,3+---. (A.5)
where,
dp G
HEP = .
47rRQAdp (1—V)h
= S A6
P A7RQALD(1-v)R (A6)
" 3G

H =
* 87RQALD (1-v)h!

The inverse relations of Eq. (A.2) and Eq. (A.5) are substituted into Eq. (A.1) yields,



EHS EHdP
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1(HST)Z_EHZEH: E(Héip)z_}szprp (A7)
+ 2 3 +2 3 e

(H:) ()

Taking the inverse relation of Eq. (A.7) and assuming H;® 0 H;[29], the material

nonlinear stress-strain relationship can be approximated as,
o=KNec+ L +yd+---, (A.8)

where

He 87°R*QA N (1-v)(HE)

p=- > G
400 ,0\°
M | 1927°R'QA N (1-) (H3) . (A9)
2 G*b?
| 967°R°QA (L-v) (H2) | 247 RPN (L) (Hz) H:

G’ G%b
in which f and » are defined as the third-order and the fourth-order elastic constants,

respectively. Eqg. (A.8) depicts the generation of the total strain with the first, second- and
third-order components due to the interaction of the dislocation dipoles with the

perturbation stress in the material. It can be found from Eq. (A.9) that > is highly depended
on both A4, term and Adp2 term but ﬁ only depended on A4, term. For a given

variation of the dislocation dipole density, the fourth-order elastic constant should be more

sensitive than the third-order elastic constant.
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