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ABSTRACT
This article presents a novel infrared thermographic approach for damage detection by utilizing the heat generated around

damage sites during vibrations below 1000 Hz induced by lightweight piezoelectric actuators. In this research, the optimal
location of excitation was first investigated through finite element analyses, where two generalized equations were obtained
to describe the relationship between the excitation and the resulting displacement response. These observations were then
verified experimentally on an aerospace-grade composite plate, followed by vibrothermographic tests conducted on the same
structure to demonstrate the effectiveness of the proposed damage detection process employing only a single lightweight
piezoelectric disc as the actuator.
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INTRODUCTION
Vibrothermography is a multi-physics technology that can be applied to non-destructive testing and evaluation, structural

health monitoring and characterization of dynamic behavior under long-timescale vibratory motion by exploiting the heat
generated between interfaces [1]. When an object is subjected to vibratory excitation, heat will be generated internally
through mechanisms such as frictional heating, viscoelastic heating, plasticity-induced heat generation and sometimes
thermoelastic effect [2]. The heat generated inside is often caused by damage, defects or other issues and can be conducted to
the surfaces and detected by infrared cameras, which can then be used to identify and locate these issues [3—7]. In some
literature, this approach is less commonly known by other names such as (ultra)sonic infrared thermography, thermosonics or
ultrasonic vibrothermography when acoustic or ultrasonic transducers are used as the excitation sources [7].

For this reason, in vibrothermography, temperature measurement is utilized to read across the mechanics of contact and
tribology of interfaces which can change over time because of damage or altered contact conditions. Because of the unique
heat generation mechanisms, vibrothermography is especially powerful for detecting a wide variety of problems. In addition,
as the damage and defects act as the internal heat sources, the travel distances of heat waves are shortened compared to the
case with externally applied heat in conventional active thermography [8], which suggests that vibrothermography is faster
and can be particularly helpful for detecting issues at greater depth.

To ensure detectable heat generation, there must be adequate strain energy in relevant regions such as the damage sites [2, 4,
6, 9-26]. For any structure subjected to vibratory excitation, its operating deflection shape (ODS) is a combination of the
mode shapes of all the excited modes [27], so obtaining the modal parameters of the structure can provide critical information
for understanding its dynamic behaviors, including the strain distributions around the potential damage sites. Based on this
comment, to perform vibrothermographic tests effectively, the dynamic properties—specifically modal parameters—of the
inspected objects must be analyzed so that the behaviors—in particular the distributions of strain—can be revealed,
interpreted and utilized to control the vibrations of the structures [3, 4], which can be achieved through modal analysis.

In analogy to conventional infrared thermography [28], external excitation might or might not be required in order to perform
vibrothermographic testing. In most situations, vibrothermography refers to the processes with external excitation provided.
Typical examples involve utilizing external excitation in the forms of mechanical forces or ultrasonic waves created by
sources such as electrodynamic shakers [29—33] and ultrasonic transducers, where the latter usually include ultrasonic
welders [9-11, 34-36] and piezoelectric actuators [11-20, 36—47].

When external excitation is required, to optimize the parameters of a vibrothermographic test, a target mode—or modes—of
vibration should be chosen first. After this, parameters related to the excitation of the structure need to be carefully selected
to ensure that the right resonance—or resonances—can be excited effectively which can exhibit a viable strain distribution
across the structure. The dynamic response with the correct modal distribution will increase the strain in damaged regions so
that the heat generation can be increased as well, which enhances the chance of successful detection of damage and defects.

When a single mode of vibration is considered, to excite the target mode effectively, sinusoidal excitation whose frequency
matches the corresponding natural frequency should be used. In this case, the structure will exhibit a greater dynamic
response and so the heat generation will be increased as well [4, 9-13, 16, 18-22, 26, 37-42, 45-47]. Due to the relationship
between heat generation and strain energy, a mode in which the potential damage sites possess high strain energy is preferred.

In vibrothermographic testing, damage and defects often generate more heat in higher-order modes of vibration due to the
increased frequencies [21, 22, 33, 47]. However, for high-order modes, issues such as transverse shear and rotary inertia can
become more significant, which correspondingly add complexity to the analytical modelling process [47]. In
vibrothermographic tests, vibrations in higher-order modes are also usually more localized, so the coverage of strain energy
in the test structure can be relatively limited which reduces the effective area of detection. From a practical point of view,
more specialized amplifiers are also required for excitation at high frequencies, which may limit the general applicability of
this approach. These high-frequency excitation forces may bring other concerns to the test structures because of the high
strain rates, with which additional damage may be generated. This last issue is especially problematic for structures made of
laminated composite materials, such as the structure studied in this research, which are intrinsically vulnerable to impact or
high strain-rate loading [48—53]. As a comparison, vibrothermographic tests targeting lower-order modes may suffer from



issues caused by insufficient heat generation. However, these tests are often easier to apply with fewer practical concerns
such as the factors stated above.

In comparison to the frequency of excitation, selecting the optimal location of excitation is not as straightforward and is
almost always omitted in relevant research activities. The optimal location of excitation depends on the type of actuator and
the method of excitation used. The actuators available for vibrothermographic testing can be approximately grouped into
three categories based on the mode of excitation that is provided,

The first category is linear actuators such as electrodynamic shakers [29—33] and longitudinal piezoelectric actuators that can
then be subdivided into piezoelectric stack actuators [11, 13, 20, 37-39, 46], bolt-clamped Langevin transducers [17, 19, 44]
and piezoelectric shakers [16, 40, 41, 47]. Some other ultrasonic transducers such as ultrasonic welders, when used in vertical
alignment, are also examples of this category [54], which have been proven useful for vibrothermographic testing [9-11, 34—
36]. To summarize, thanks to the simple mode of excitation, convenient set-up and high amplitudes of the produced forces,
linear actuators have been widely utilized in vibration tests, including vibrothermographic inspections.

Alternatively, piezoelectric materials may also be applied as shear actuators. Despite having equally wide frequency ranges,
the shear loads achievable are usually significantly lower than the forces produced by the linear actuators. Separately,
ultrasonic welders can also be placed parallel to the weld surfaces to induce shear forces into the structures. However, tests
using shear actuators are often more difficult to plan and set up while the efficiency of energy transfer is also lower, which
limits their practical use in relevant tests.

The third category is the contracting actuators, which typically include lightweight piezoelectric actuators such as
piezoelectric discs. These contracting actuators may also be attached to substrates, which can be another piezoelectric
material or a passive material such as metal or ceramic, to act as bending actuators [55, 56]. There have been research
activities demonstrating the effectiveness of these actuators for vibrothermography [12, 14, 15, 18, 42, 43]. Due to the mode
of displacement and the fact that such actuators are often relatively thin and lightweight, the amplitudes of the excitation are
often among the lowest compared to alternative options. However, piezoelectric discs and patches can be permanently
bonded to or embedded in a structure [14, 15, 42, 43] without causing noticeable modifications to the structure's physical
properties. This attribute enables the possibility of easier in-situ damage detection and structural health monitoring. In
addition, because of the small size and low weight of these actuators, multiple piezoelectric discs or patches can be attached
to a single structure. Activating the actuators simultaneously can increase the response level of the test structure during the
induced vibration, which compensates for the low power output of such actuators to some extent.

In this paper, a successful vibrothermographic test was conducted on an aerospace-grade composite plate containing
subsurface damage with low-frequency excitation (<1000 Hz) generated using a single lightweight piezoelectric disc, which
would provide a high level of convenience and flexibility as explained above. This approach has seldom been applied in
either modal tests or vibrothermographic experiments due to the low level of dynamic response. However, in the test to be
presented, detectable heat was still able to be generated with carefully selected parameters of excitation.

LOCATION OF EXCITATION
For contracting or bending actuators such as the piezoelectric discs, the selection of the optimal location for excitation in

vibrothermography is rarely considered. However, because of the low amplitudes of vibration achievable with these
actuators, determining the optimal location of excitation should be optimized to achieve viable dynamic response.

In principle, the analogy to linear actuators can still be applied [55]. In detail, both surface-bonded and embedded
piezoelectric actuators should be placed in regions of higher strain to induce greater dynamic responses of the structure [55,
57]. This observation is equally relevant for vibration suppression and control [58]. For a specific mode of vibration, they
should be located in regions of high modal strain (energy) to control the vibrations more effectively [59, 60], which means
that strain nodal lines should be avoided [61]. When utilized as sensors, these conclusions would still apply [60, 62].



To verify these statements, finite element (FE) analyses were conducted, during which multiple piezoelectric discs were
created and attached to a free-free plate. The dynamic responses of the plate when different discs were used to provide the
excitation were calculated using direct-solution steady-state dynamic analyses, then recorded and compared so that the
relationship between the dynamic response of the structure and the location of excitation could be investigated. The details of
the modelling process are thoroughly explained in a separate publication [1].

As shown in Fig. 1, the free-free plate model created in Abaqus was composed of a cuboid base and 45 identical piezoelectric
discs. Due to the symmetry of the model, the 15 discs in the bottom-left region could be used to represent the behaviors in the
other three quarters. For future reference, the 15 discs were named Ai-j, where i represented the row number while j
represented the column number. The disc Al-1 corresponded to the disc closest to the bottom-left corner while the disc A3-5
corresponded to the disc at the center of the top surface of the plate.

Fig. 1 Free-free plate model created in Abaqus

A natural frequency extraction step was performed first to calculate the modal parameters of the free-free plate model. The
natural frequencies and mode shapes of the first four modes of vibration were calculated and recorded. For quantitative data
collection, the magnitude of deformation ¢p,,e and its three components ¢y, ¢y and ¢, in addition to the six strain

components Eyy, Eyy, €2z, Exy> £xz and &y, were extracted at 19 nodes as shown in Fig. 2.

To be more specific, the first 15 nodes were located on the top surface of the plate where the centers of the bottom surfaces of
the 15 aforementioned discs were attached, which made them the locations of excitation in the subsequent direct-solution
steady-state dynamic analyses. Besides these 15 nodes, the four corner nodes of the top surface of the plate were also
included. These extracted data would be utilized later to analyze the relationship between the location of excitation and the
dynamic response of the model.

Following the completion of the natural frequency extraction step, 24 direct-solution steady-state dynamic analyses were
completed to obtain the dynamic responses of the free-free plate model. In the first 15 analyses, each of the 15 discs was
subjected to a voltage of 10 V in its direction of polarization. In the next two analyses, discs A2-2 and A2-4 were provided
with voltages of 5 V instead, followed by three analyses where discs A3-1, A3-3 and A3-5 were supplied with voltages of 20
V. In the 215 analysis, three different voltages, namely 10 V, 5 V and 20 V, were applied to discs Al-1, A2-2 and A3-3
respectively. In the 22" analysis, the same voltages were applied to discs A1-3, A2-2 and A3-1. Similarly, discs A1-3, A2-4
and A3-5 were used for the 237 analysis while discs A1-5, A2-4 and A3-3 were used for the 24Manalysis. During the
analyses, boundary conditions were applied to maintain the electric potentials at the remaining discs at zero.



Fig. 2 Locations of the excitation and measurement points on the free-free plate

In each analysis, the steady-state responses of the free-free plate when the frequency (or frequencies) of the voltage (or
voltages) matched each of the four natural frequencies of interest were obtained. To demonstrate the results, the deformed
shapes of the free-free plate when a voltage of 10 V was applied to disc Al-1 are shown in Fig. 3.
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Fig. 3 Deformed shapes of the free-free plate excited by the piezoelectric disc closest to its bottom-left corner when the frequency of the
voltage matched the natural frequencies of the (a)—(d) first to fourth modes of vibration

To record the data, the same 19 nodes were used for quantitative data collection, at which the displacement values were
probed to represent the dynamic responses after the direct-solution steady-state dynamic analyses. By analyzing the extracted
dynamic response levels with the previously recorded modal parameters, the following relationship was obtained:
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where Usp, is the displacement response of the structure, M is the number of excitation forces (number of discs in this case),
A is a scale factor related to both the properties of the structure, such as damping, and the parameters of the piezoelectric
actuator, such as the piezoelectric coefficients, VZj is the voltage applied in the direction of polarization of the j* actuator

while 8)];,( and 8}],.}, are the first two components of modal strain at the location of excitation.

When several modes of vibration would be excitation, the induced dynamic response of the structure should still be the sum
of the individual cases, so equation (1) may be generalized to:
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where A; now also depends on the difference between the frequency of the voltages and the natural frequency of the i*?
excited mode. For completeness, the derivation of the equations above is thoroughly explained in a separate publication,
together with the recorded quantitative data mentioned above. Similar research was also conducted for electrodynamic
shakers representing linear actuators, where generalized equations were also obtained [1].

Based on this research, especially the two generalized equations above, it may be concluded that for contracting or bending
actuators, the level of the dynamic response is proportional to the weighted sum of the first two modal strain components at
the node where the actuator is attached. When multiple actuators are used, the weighted sum of the modal strain components
at all excitation locations should be considered, where the weight is determined by the amplitude of the voltage supplied to
each actuator, given that the actuators are all identical.

For more complicated situations that were not discussed in this research, such as when multiple actuators of different types
are used together, or when excitation forces no longer have equal frequencies, the proposed relationship will undoubtedly
become more complex. However, the observations and conclusions obtained in this research should still be able to act as
general guidelines on selecting proper locations of excitation to increase the overall dynamic response of a structure, which is
crucial for both conventional vibration testing and vibrothermography.

EXPERIMENTAL VERIFICATION WITH MODAL TESTING

To reiterate, as introduced previously, although there have been research outputs showing the utilization of these
piezoelectric actuators in vibrothermography [12, 14, 15, 18, 42, 43], the optimal location of excitation is rarely considered,
especially experimentally. This omission can be particularly critical for vibrothermographic tests using piezoelectric discs or
patches due to their low power output. In addition, in previous research activities using piezoelectric actuators, high-
frequency (ultrasonic) excitation has been predominantly employed. For these reasons, this research was conducted focusing
on vibrothermographic testing with lightweight low-power piezoelectric discs using low excitation frequency.

The specimen to be studied was an aerospace-grade composite plate as shown in Fig. 4(a). The plate was made of HexPly®
8552 epoxy matrix AS4 fiber woven carbon prepregs containing delamination along the vertical centerline of the plate
created artificially through dynamic fatigue. Ply drops were added during the manufacturing phase to help create the damage.
The damage was subsurface and barely visible from visual inspection. Due to the subtlety of the damage and the potential
lack of energy because of the low-power actuators, the parameters of excitation must be carefully considered. For this reason,
preliminary modal tests were completed first, during which piezoelectric discs were attached at different locations of the
plate. These discs were utilized individually to provide separate excitation so that the levels of dynamic response could be
compared, which would also verify the findings in the previous section. After this, the modal parameters were analyzed so
that the frequency and location of excitation could be more properly selected for the subsequent vibrothermographic testing,
increasing the possibility of successful damage detection.



In the experimental tests, the plate was suspended using two elastic bands connected to springs to simulate a free-free
condition to avoid unnecessary external forces and constraints. In total, there were nine discs attached to the plate using
superglue. However, only seven discs would be studied, which were discs D1, D3, D4, D5, D6, D7 and D8 in Fig. 4(b). Discs
D2 and D9 were installed in a previous study for different purposes, so they were not related to this research.

As shown in Fig. 4(b), the piezoelectric discs were glued to brass substrates to form bending actuators. The diameters of the
piezoelectric discs and the substrates were 15 mm and 20 mm respectively. The thickness was 0.2 mm each. The resonant
frequency was around 6.8 kHz while the capacitance was 15000 pF (picofarad) +30%. Because of the amplitude and the
frequency of excitation to be applied, an LDS PA100E power amplifier could be employed without needing more specialized
equipment. As for data collection, a scanning laser Doppler vibrometer (SLDV) system was used to measure the vibration
data while a Nippon Avionics TH9100MR infrared camera was employed to measure the temperature values.

@ (b)

Fig. 4 The (a) rig set-up for the experimental tests on the composite plate and (b) locations of the piezoelectric discs

Before the experimental tests, an FE analysis was performed to predict the modal parameters of the plate, which would
provide results at much higher resolutions. To achieve this, the composite plate was modelled as a 3D deformable shell using
Abaqus built-in composite layup function based on the measured dimensions and the material properties provided by Hexcel
and other sources [63, 64]. Zero boundary conditions were added in order to simulate the suspension of the plate in the
experimental tests. A natural frequency extraction step was then performed, which yielded natural frequencies of 118.34 Hz,
374.32 Hz, 390.00 Hz, 746.44 Hz, 800.13 Hz and 1141.2 Hz for the first six modes of vibration. The mode shape and the
distribution of strain energy of the first mode are presented in Fig. 5 as examples.
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Fig. 5 (a) Mode shape and (b) distribution of strain energy of the first mode of the FE composite plate



To start the experimental tests, modal testing of the composite plate was conducted first to validate the FE model and to
investigate the optimal location of excitation to increase the dynamic response level. In total, seven experimental modal tests
were completed, each using a piezoelectric disc at a different location supplied with an input voltage of 30 V.

During the modal tests, a chirp signal sweeping from 20 Hz to 1000 Hz over 2 s was created to control the excitation. In each
test, ten cycles of measurement were completed while the root mean square method was utilized to increase the signal-to-
noise ratio. The frequency response functions (FRFs) were measured at the location indicated by the reflective tape with the
red dot from the SLDV at the corner of the plate, as shown in Fig. 4(a). Based on the FRFs, the levels of dynamic response
with different excitation locations could be compared.

After the modal tests, four modes of vibration were successfully discovered. However, the measured FRFs were heavily
corrupted by noise, which was a consequence of the low power output of the piezoelectric discs. As demonstrations, the FRFs
measured when discs D3 and D7 were used to excite the plate are shown in Figs. 6(a) and (b).
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Fig. 6 Mobility plots when (a) piezoelectric disc D3, (b) piezoelectric disc D7 and (c) the LDS V201 shaker were utilized as the actuators

With the FRFs, the natural frequencies and the dynamic response levels were determined using peak picking. Due to the
noise in the data, the values summarized in Table 1 were only approximate representations of the actual dynamic behaviors.

From the results in Table 1, it could be observed first that the natural frequencies measured here were close to those
calculated from the FE analysis. However, the third mode of vibration observed in the FE analysis was unable to be detected
here. Considering the quality of the data, it might be possible that it was mixed with the second mode and became
indistinguishable. But based on the current data, it would be difficult to determine the exact reason behind its disappearance.
It could also be assumed that this mode was not excited from the outset. Nevertheless, this phenomenon was relatively
unimportant for the subsequent vibrothermographic testing as long as another mode with sufficient strain energy in the
damaged region would exist and could be excited favorably.



Table 1: Natural frequencies (Hz) of the first five modes obtained through FE analysis as well as natural frequencies (Hz) and magnitude of
dynamic response (dB) of the composite plate measured experimentally with each of the seven piezoelectric discs used as the actuator

Actuator | M. 1 freq. (mag.) M. 2 freq. (mag.) M. 3 freq. (mag.) M. 4 freq. (mag.) M. 5 freq. (mag.)

FE 118.34 374.32 390.00 746.44 800.13

D1 104.0 (32.3) 377.5 (48.8) N/A N/A 803.0 (55.4)
D3 105.0 (35.7) 377.5 (50.3) N/A N/A 804.0 (60.8)
D4 105.0 (32.3) 373.5(59.5) N/A 713.0 (52.8) 800.5 (54.3)
D5 109.5 (44.7) 379.0 (55.3) N/A 717.0 (47.8) 807.0 (48.9)
D6 107.0 (47.7) 378.0 (59.9) N/A 719.5 (54.5) 805.0 (48.0)
D7 106.5 (50.5) 380.5 (48.9) N/A 719.0 (52.5) 805.0 (60.6)
D8 107.5 (51.3) 378.0 (64.7) N/A 717.0 (54.2) 811.5(62.8)

To demonstrate the relationship between the level of dynamic response and the local strain energy at the location of
excitation, the first mode of vibration which was the first vertical bending mode could be studied because of its simple
deflection shape. According to the distribution of strain energy shown in Fig. 5(b), locations closer to the center of the plate
should have higher local strain energy. As marked in Fig. 4(b), this would correspond to discs with larger indices. From
Table 1, it could be observed clearly that, for piezoelectric discs closer to the center of the plate, the levels of dynamic
response were significantly greater when the first mode was targeted.

As a comparison, a final test was conducted using an LDS V201 permanent magnet shaker supplied with a 2 V voltage. The
shaker was attached to the plate at the location marked by the metal connector in Fig. 4(b) through a drive rod. In contrast to
the results with the piezoelectric discs, the FRF shown in Fig. 6(c) appeared significantly less noisy. The second and third
modes of vibration, which were possibly mixed previously in Figs. 6(a) and (b) due to noise, were able to be distinguished.
Quantitatively, the natural frequencies of the modes underwent noticeable decreases. This observation demonstrated the
changes to the system’s dynamic properties caused by the attachment of the drive rod and the shaker, which could be avoided
by employing the lightweight piezoelectric discs as actuators instead.

By comparing Figs. 6(a), (b) and (¢), the dynamic response levels of the first three modes were significantly higher using the
shaker. For higher-order modes with natural frequencies greater than 500 Hz, the differences became smaller and eventually,
a higher dynamic response level could be achieved with a piezoelectric disc. This phenomenon was able to corroborate that
electrodynamic shakers are usually more suitable in low to medium frequency ranges while piezoelectric actuators often
excel at higher frequencies.

VIBROTHERMOGRAPHIC TESTING
With the previous findings about the optimal location of excitation verified, the vibrothermographic tests could be initiated.

From Table 1, regardless of the location of excitation, the level of dynamic response tended to be greater for higher-order
modes of vibration, which was comprehensible due to the frequency response of the piezoelectric discs. Based on this
observation, a relatively higher-order mode could be a more suitable target for vibrothermographic testing because of the
higher heat generation caused by the greater dynamic response, in addition to the fact that a higher frequency of vibration
itself would also accelerate the local heating.

Among the observed modes, the final mode had the highest natural frequency, which was around 800 Hz to 810 Hz. In this
mode, there existed high local strain energy near the center of the plate which was where the damage was created, which was
supported by the high dynamic response levels of this mode when discs D7 and D8 were used to excite the plate. This finding
provided justification for the choice of using this mode for the vibrothermographic test. Despite the mode number, this
frequency was still far from the typical high-frequency range that has been commonly applied in vibrothermography—which
is often ultrasonic—so that the relevant issues discussed previously would not be encountered.

As for the location of excitation, although using disc DS yielded the greatest dynamic response level as shown in Table 1, it
was decided to employ disc D7 instead to avoid overlapping the location of excitation and the damage. To elaborate, during



the vibrothermographic test, heat would be emitted from the piezoelectric disc, so placing the disc at the location of the
damage may cause the heat of the disc to be superimposed onto the heat generated due to the subsurface damage,
complicating the analysis of the sources of the heat and hindering the detection of the damage.

To set up the test, a sinusoidal signal was generated at 810 Hz. The amplitude of the input voltage was set again to 30 V.
During the vibrothermographic test, the TH9100MR infrared camera was set to capture one frame every 5 s. The test lasted
for 22 min, so 265 frames of temperature data were recorded. The exact timeline of events is summarized in Table 2. The
temperature recording began before the excitation started to measure the background data, which then continued after the
excitation was stopped to capture the heat dissipation process. To present the results, eight representative images are shown
in Fig. 7, in which a constant temperature scale from 24.7 °C to 25.7 °C was applied.

Table 2: Timeline of the events in the vibrothermographic test on the composite plate using the piezoelectric disc

Time (min:s) Event
0:00 Data recording started
0:30 Infrared image displayed in Fig. 7(a) taken
2:00 Excitation turned on

Infrared image displayed in Fig. 7(b) taken
3:00 Infrared image displayed in Fig. 7(c) taken
5:00 Infrared image displayed in Fig. 7(d) taken
7:00 Infrared image displayed in Fig. 7(e) taken
12:00 Excitation turned off

Infrared image displayed in Fig. 7(f) taken
14:15 Infrared image displayed in Fig. 7(g) taken
22:00 Data recording stopped

Infrared image displayed in Fig. 7(h) taken

Fig. 7(a) was taken at 30 s after the recording began, showing the initial temperature distribution. It could be observed that
the spatial temperature variation on the composite plate was relatively small, mostly within the range of <0.2 °C. This
temperature variation should be attributed to the difference caused by the angle of view [65, 66].

Fig. 7(b) was taken 2 min after the recording began, which was the moment when the excitation was started. By comparing it
with Fig. 7(a), the temperature distribution was generally unchanged, showing that no unexpected behaviors had happened.

The image in Fig. 7(c) was taken 1 min after the excitation was turned on, which was approximately the moment when the
first visible local hot spot at the damage site was detected. As a comparison, this time—1 min—was significantly longer than
its counterpart—which was only 4 s—in another test on the same plate using an LDS V201 permanent magnet shaker [1, 29].
For these reasons, it was evidenced that the heat generation was considerably lower using the piezoelectric disc.

The temperature and the corresponding thermal contrast of the hot spot continued to increase as more heat was generated.
The continuous increase then gradually slowed and eventually, the characteristics of the hot spot were stabilized after
approximately another 2 min, as shown in Fig. 7(d). In Fig. 7(d), the majority of the hot spot was only less than 0.5 °C hotter
than the rest of the plate, noticeably lower than the values in the test using the shaker [1, 29].

After this event, the amplitude and size of the hot spot remained approximately unchanged. To support this observation, the
images recorded at 7:00 and 12:00 of the test are displayed in Figs. 7(e) and (f). Visually, the overall temperature
distributions and the characteristics of the hot spots looked almost identical. Only small discrepancies existed from Fig. 7(d)
to Fig. 7(f), which should be attributed to the fluctuations caused by the slight inaccuracy of the infrared camera.

The input voltage was stopped at 12:00 of the test. It took approximately another 135 s for the local heat concentration to
fully dissipate, as presented in Fig. 7(g). The final image taken before the recording was stopped, which was at 22:00 of the
vibrothermographic test, is shown in Fig. 7(h). The similarity between Figs. 7(g) and 7(h) indicated that no unexpected
behaviors had happened after the excitation was stopped.
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Fig. 7 Infrared images taken at (a) 0:30, (b) 2:00, (c) 3:00, (d) 5:00, (e) 7:00, (f) 12:00, (g) 14:15 and (h) 22:00 of the vibrothermographic
test on the composite plate using the piezoelectric disc



With the completion of this vibrothermographic test showing the successful detection of the subsurface damage, additional
tests were completed with different locations and frequencies of excitation. In these cases, the vibrothermographic tests were
unable to yield equally positive results. Equally detectable heat could not be generated with these less optimal parameters.

Separately, an ultrasonic C-scan test was performed on this plate as additional verification [1, 29], showing that the
vibrothermographic approach was able to identify and locate the damage successfully while having significant advantages in
terms of measurement time. However, slight discrepancies were observed in terms of the size of the damage, which should be
attributed to the low amplitude of excitation force that was unable to introduce sufficient relative movement and friction for
the thermal pattern to reach its maximum potential size in the edge areas.

Fig. 8 Ultrasonic C-scan result of the central region of the composite plate

CONCLUSION
In the first part of the research, the optimal location of excitation using piezoelectric discs as actuators to increase the

dynamic responses of structures was studied. Based on the results from the FE analyses, two generalized equations have been
created to summarize the relationship between the excitation and the induced displacement response of the structure.

In the second part of the research, experimental modal analyses and vibrothermographic testing were completed on a
composite plate using piezoelectric discs as actuators. During the modal tests, the conclusions made previously regarding the
optimal location of excitation were verified experimentally. It was demonstrated that, despite the noise, the level of dynamic
response was positively correlated with the local strain energy at the location of excitation. Based on this observation, the
frequency and location of excitation could be selected for the subsequent vibrothermographic test.

In the vibrothermographic test, a visible hot spot was generated at the damage site under the vibration induced by a
piezoelectric disc with carefully selected parameters of excitation. These results verified that low-power actuators such as the
piezoelectric discs could be employed in vibrothermographic tests, providing benefits such as greater flexibility and less
interference with the dynamic properties of the test structures. However, the parameters regarding the excitation of the
structures must be more carefully selected to ensure sufficient levels of dynamic response and heat generation.
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