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ABSTRACT

It is well known that the efficiency of the vibr@imographic non-destructive testing
(NDT) technique can be enhanced by taking advarabtgral defect resonance (LDR)
frequencies. Recently, the classical out-of-plaveall defect resonance was extended
towards in-plane LDR for enhanced efficiency ofrefimetric NDT. This paper further
couples the concept of this in-plane LDR to vibesthography, on the basis of the
promising potential of in-plane LDRs to enhance thkbing (tangential) interaction
and viscoelastic damping of defects. Carbon filegmforced composites (CFRPs) with
barely visible impact damage (BVID) are inspectad ¢he significant contribution of
in-plane LDRs in vibrational heating is demonstat®oreover, it is shown that the
defect thermal contrast induced by in-plane LDRsashigh that it allows for easy
detection of BVID by live monitoring of infrared éhmal images during a single
broadband sweep excitation. Thermal and vibratiepaictra of the inspected surface
are studied and the dominant contribution of impl&DR in vibration-induced heating
IS demonstrated.

KEYWORDS: In-plane local defect resonance (LJ3fR Vibrothermography; Non-
destructive testing (NDT); Composite materials; BVI

1. Introduction

Composite materials such as carbon fiber reinfopmdgmer (CFRP) are widely used in
many advanced engineering structures for their hsglecific strength and their
resistance to fatigue and corrosion. Due to therky material structure, composites are
susceptible to a wide variety of (internal) damagkswell-known example is the
complex distribution of cracks and delaminatiorsuteng from a low velocity impact,
which is commonly referred to as barely visible aopdamage (BVID).



Vibrothermography (also referred to as thermosoaicsonic thermography) is a non-
destructive testing (NDT) technique which takes aadage of vibrational energy

dissipation at defects subjected to a dynamic satimn. As such, the defects behave
like localized heat sources and can be detectdd avihermographic system [1]. This
makes vibrothermography a promising technique &iection of tightly closed cracks

and kissing bonds in composites, especially ifdétect interfaces are aligned normal to
the inspection surface which is hard to detectgusther NDT techniques [2].

High power ultrasonic horns and transducers areenoftused in classical

vibrothermography in order to properly activate tHefects and to increase the
vibrational heating to a detectable level [3, 4heTrequired high power imposes
practical difficulties (i.e. need for a high powsupply and relevant hardware
requirements) and has to be limited in order tovgmé component degradation by the
excitation source itself. Recently, alternative Ipawer vibrothermography techniques
were introduced by taking advantage of the highldoge vibrations at global or local

resonances. In so called self-heating based vibnotbgraphy [5, 6] the fundamental
global modal frequencies of the test piece are wsedthe excitation frequency. An
electrodynamic shaker is used to stimulate glokabmation of the test piece at a
particular modal frequency or a combination of mMddaguencies (normally less than
1000 Hz). This approach is shown to boost the dglbbating of the specimen induced
by vibrational damping which indicates distinctdjemts at the defected areas.

Another low power vibrothermography alternativebased on the concept of local
defect resonance (LDR) for enhanced efficiency 8J, The excitation at LDR
frequencies allows for selective resonation ofdkéect’s features by using low power
piezoelectric actuators [9]. Generally, the compng excited at an LDR frequency of
the defect and the corresponding vibration induceal is diffused to the surface and
detected using a high-sensitivity infrared camé@15]. The efficiency of LDR based
vibrothermography can be enhanced through nonlindaasound spectroscopy and
selecting those LDR frequencies that indicate hsgtemplitudes of defect induced
second harmonics [16-18]. Furthermore, applyingomtination of an LDR and a
modulation frequency that shows highest side banglitudes (so called nonlinear
wave modulation thermography) intensifies the défeanteraction with excited
vibrations and raises the resultant heating [19].

Various vibrational heating mechanisms can be atgt through LDR, depending on
the orientation, asperities and the gap or tiglstrefsthe defect’'s interfaces [20-22].
LDR induced interactions of the defect’s interfackssipate heat by rubbing friction
and adhesion hysteresis at closures [20, 21]. Mered.DR induced deformation of the
defect’s features dissipates heat through viscbeldamping, thermoelastic damping



and plastic deformation [20-22]. The latter souncay come to effect at a too large
excitation power and must be avoided due to ittrdetsve nature.

Consequently, the polarization of LDR oscillatiomsth respect to the defect's
orientation has considerable impact on its debddiaand the relative contribution of
heating mechanisms. Different LDR mode shapes nee ldominant out-of-plane
polarization (i.e. normal to the inspection surjace dominant in-plane polarization
(i.e. parallel to the inspection surface) corresjiog to the different features of the
defected area. However, traditionally LDR was knoa# and evidenced by, out-of-
plane local defect resonance (LPRehavior until recently that the current authors
introduced in-plane local defect resonance (kiDR23] and showed its efficiency in
vibrometric NDT. Among the results presented in][28 was shown that a CFRP
coupon with BVID shows clear LDR response which reveals distinct damage features
that are not present in the LDRehavior. It is also shown that, due to high iana
stiffness of laminas, LDR is generally excited at higher frequencies congpace
LDRy.

An LDR; dominantly stimulates normal interaction of thefed€s interfaces and
dissipates heat through adhesion and partial rgbbiriouching asperities [21]. On the
contrary, an LDRy leads to dominant tangential interaction (full birg) of in-plane
interfaces e.g. delamination (Figure 1(b)) as waslthrough-the-thickness interfaces e.g.
matrix cracks (Figure 1(a)) and fiber breakage®rétore, it is expected that LQRis
more effective than LDRin terms of frictional heating at closures, asesohtically
shown in Figure 1. Moreover, LOR frequencies are generally higher than DR
frequencies which naturally lead to increased \atasiic and frictional dissipation [24].
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Figure 1. Schematic representation of dominangeatial interaction at in-plane LDR for (a) out-of-
plane surface crack interfaces and (b) in-planardilation interfaces of a typical impact damage in
CFRP sample.

This experimental study investigates the contrdoutf LDRxy in vibrational heating of
BVID in CFRP specimens compared to LPDFA 3D infrared scanning laser Doppler
vibrometer (SLDV) is used to record the specimefisations and to identify the out-



of-plane and in-plane LDR frequencies. A cooledardd camera is used to measure the
vibrational heating induced at the BVID when sutgdcto the identified LDR
frequencies.

2. Material and methods

The vibrational and corresponding thermal resporegesevaluated for twd00 x
150 x 5.5 mm® CFRP coupons. The samples are manufactured o@# déyers of
unidirectional carbon fiber according to a crosg-f{0/90)ss and a quasi-isotropic
[(+45/0/-45/90)}s lay-up. Both samples were impacted with a 7.1 tapédveight from

a height of 0.1 m according to the ASTM D7136 [ZH)e impact energy was measured
6.3 J, which introduced the BVID. Both samples stiewn in Figure 2 together with
the corresponding C-scan amplitude and time-offligTOF) images, showing the
complex damage distribution at the impact locatibme C-scan results are obtained in
reflection mode using dynamic time gating [26].d¢tised transducer at 5 MHz (H5M,
General Electric) is employed. Both samples disg@alair-like surface crack at the
backside resulting from the low velocity impact.microscopic view of this crack is
shown in the inset of Figure 2(g) for the cross-gypon.
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Figure 2. CFRP test specimens with BVID and cquoesing C-scan amplitude and TOF images: (a-c ,
g-i) Cross-ply [(0/90)s, and (d-f, j}) Quasi-isotropic [(+45/0/-45/9Q)

For vibrational studies, each sample is excitedgisi low power piezoelectric (PZT)
patch (type EPZ-20MS64W from Ekulit, with a dianredé 12 mm) glued to its impact
side. A sweep excitation from 1 to 250 kHz is usedgether with a Falco System
WMA-300 voltage amplifier to increase the excitatioltage to 150 M. The resulting
electrical power supplied to the actuator is indhger of a few Watt. The broadband in-
plane and out-of-plane vibrational response is mreasusing a 3D infrared scanning
laser Doppler vibrometer (Polytec PSV-500-3D XTRA).

BVID is a complex type of damage [27] and previstidies of the authors have shown
that this results in LDRand LDRcy behavior of different parts of the damaged area at



distinct frequencies [23, 28]. In this study, th®R; and LDR frequencies are
extracted manually from the acquired frequency spday analysis of the operational
deflection shapes for the most prominent LDR bedra\Alternatively, advanced post-
processing algorithms [29] are under developmenéxwact them in an automated
manner.

Several extracted LDR frequencies are examineddl-in vibrothermography (LVT)
with a modulation frequency of 0.05 Hz for two @&lin order to enhance the signal-to-
noise ratio (SNR) [30]. Alternatively, a sweep attrermography (SVT) experiment is
performed with a linear sweep excitation from 12&0 kHz for 50 s. The vibrational
heating is measured by a FLIR A6750sc infrared canjeontrolled byedevis GmbH
hardware-software), which has a cryo-cooled InSbdler with a pixel density of 640 x
512 pixels, a noise equivalent differential temp@e (NEDT) of < 20 mK and a bit
depth of 14 bit. For the excitation of the PZTduaction generator is used together
with the Falco amplifier to apply the excitationltage of 150 Y, for all experiments.
The thermograms are measured at a sampling rdt25oHz and post-processed by fast
Fourier transform (FFT) to extract correspondinghiude and phase images in case of
LVT. For SVT, live thermal images correspondinghie LDR frequencies and thermal
spectra corresponding to the entire sweep frequerge are studied.

3. Resultsand Discussion

3.1 Lock-in vibrothermography (LVT) of impacted cross-ply CFRP

The experimental results at LDR frequencies cooedmg to the impact side and
backside of the cross-ply [(0/96)]CFRP sample (see Figure 2(a)) are respectively
summarized in Figure 3 and Figure 4. The top rowresponds to the SLDV
measurements, the middle row to the amplitude of Ioveasurements, and the bottom
row to the phase images of the LVT measurements. IhDV images show the
combined in- and out-of-plane velocity amplitude floe arbitrary frequency, the out-
of-plane velocity component for the LDRnd the in-plane velocity component for the
LDRxy. The LVT amplitude images are presented in digeaél (DL) scale, which is
the raw output measured by the infrared camera,vamdh thus corresponds to the
intensity of emitted infrared radiation. The limdéthe color maps of the LVT images
are set to the extreme values at the defectedaackéts surrounding sound area. In this
way the colormap scale defines the defect indulsedrtal contrast (DTC) regardless of
the heating induced by the PZT itself.

The manually selected LDR frequencies are indicatethe figure. In addition, an
arbitrary frequency of 95 kHz is also examinedntphbasize the dominant contribution
of LDR in vibrational heating.



3.1.1 Impact side

According to Figure 3(a-g), the impact side of #ress-ply sample indicates three
LDR; in the lower frequency range 23.5-54.5 kHz anckehLDR:y in the higher
frequency range 133-174 kHz. The arbitrary freqyesfc95 kHz indicates a very small
DTC of 0.6 DL in the amplitude image (Figure 3(lsprresponding to the relatively
small increased vibrational activity at the defastshown in its combined in- and out-
of-plane velocity map (Figure 3(a)). Regarding LDBscept for the fundamental LDR
at 23.5 kHz, all others are detected by LVT in bathplitude and phase images. The
agreement of the velocity maps and the thermalasiga of the LDRs is excellent and
there are minor blurring effects induced by thea@isotropic heat diffusion. Moreover,
the higher global damping induced at relativelyhhigequencies of LDR, leads to
thermal traces of the global mode shapes in casreipg amplitude and phase images.
This can be seen on the amplitude image of kP& 133 kHz (Figure 3(L)) which is
strongly affected by the global heating due to mesion of its upper edge. The global
heating and the in-plane heat flow induced by tE& Rre more pronounced in the
phase images, because they indicate the phase afethg thermal evolution at each
individual pixel regardless of the absolute tempem Therefore, phase images are
generally more noisy than amplitude images.

The fundamental LDRat 23.5 kHz is not detected through LVT (Figurg)3fhile the
other two LDR at 35.2 and 54.5 kHz are indicated with a DTC & 4nd 1.2 DL
respectively. This indicates that the normal intéoam of relevant defect interfaces
cannot heat the defect to a detectable limit arefetively low out-of-plane velocity of
22 mm/s corresponding to this fundamental LDRowever, the LDRy at 133, 151
and 174 kHz are detected with higher DTC compardatie LDR,, equal to 3.2, 7.1 and
3.5 DL respectively (see also Table 1).

Although higher LDR velocity implies increased wstastic and frictional energy
dissipation, other factors e.g. depth, orientatigeyy and morphology of asperities of
relevant interfaces also affect the vibrationaltingaand therefore the measured DTC.
This argument can explain why the DTC of LP& 35.2 kHz is higher compared to the
DTC of LDR; at 54.5 kHz, despite its lower out-of-plane velpaind smaller size.
Likewise, the DTC of LDRy at 174 kHz with in-plane velocity of 56 mm/s iglher
than the one at 133 kHz with in-plane velocity 8L Inm/s.
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Figure 3. Measurements corresponding to the imgidet of the cross-ply [(0/9Q)JCFRP sample: (a-g)
amplitude of vibration, (h-n) amplitude of LVT afolu) phase of LVT.

3.1.2 Backside

The measurements corresponding to the backsideeafross-ply sample (see Figure 4)
also indicate three LDRIin the frequency range 17.2-109 kHz and three DR the
frequency range 82.9-142 kHz. There is a hair-tkeface crack (see inset of Figure
1(g)) at the center of the defect in the backsidiis sample which dominantly affects
its LDR behavior. The arbitrary frequency of 95 kblrely shows a trace of the defect
in the corresponding LVT images, while stimulatianthe various LDR frequencies
show clear signals in both amplitude and phase ltivdges.

Among LDR, the one at 17.2 kHz with an out-of-plane velo@fy4d0 mm/s leads to
the highest DTC of 1.3 DL. According to the cormsging velocity map (see Figure
4(b)), this is the fundamental LDRf the defect leading to tangential interactiorthud
interfaces along the hair-like surface crack. Ttlteeotwo LDR at higher frequencies
49.6 and 109 kHz lead to lower DTC of 0.5 and 09 d@spite their higher LDR
velocities. The corresponding velocity maps (seguife 4(c,d)) indicate that these
LDRy (particularly the one at 109 kHz) are comprise@ aluster of relatively smaller
subsurface features spread over the defect areaseTlare dominantly in-plane
interfaces with normal interaction and/or deepefecie features, leading to lower
vibrational heating compared to the fundamental LBXR17.2 kHz. Moreover, the



amplitude image of the LDRat 109 kHz is influenced by a global in-plane mstape
of the plate (see Figure 4(k)). The out-of-plankraiion response (Poisson effect) of
this in-plane mode shape is visible in Figure 4(d).

Furthermore, the LDR at 98.9 and 142 kHz, with maximum in-plane velesiof 126
and 165 mm/s (Figure 4(f,g)), indicate defect fesguvith very high DTC of 14.6 and
12.9 DL (Figure 4(m,n)) respectively. The DTC oé lowest LDRy at 82.9 kHz is 0.6
DL (Figure 4(L)) which is relatively low due to tlmerresponding low in-plane velocity
of 41 mm/s (Figure 4(e)). As mentioned earlier,eotfactors might contribute to the
low DTC of this LDRy like a too loose gap of relevant interfaces whigthuces their
tangential interaction and/or a deeper depth efveeit features that diffuses the defect’'s
thermal signature.
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Figure 4. Measurements corresponding to the baeksi the cross-ply [(0/9Q)] CFRP sample: (a-g)
amplitude of vibration, (h-n) amplitude of LVT afalu) phase of LVT.



3.1.3 Overview of theresults

All measured DTCs of the impacted cross-ply CFRE summarized in Table 1.
Comparing the DTCs of the examined LDR frequeneiMadently confirms the higher
DTC (i.e. detectability) of LDRy when inspecting BVID, either from the impact side o
from the backside. It is noteworthy that the DT@dJ at the fundamental LDRit 23.5
kHz (Figure 3(i)) is just an indication of the ne@ievel and provides no defect contrast.

Table 1. Summary of DTCs measured for the impigiet @-igure 3(h-n)) and the backside (Figure 4(h-
n)) of the cross-ply [(0/903] CFRP.

[(0/90)]es CFRP Parameter| Arbitrany LDR; LDRyy
) f (kHz) 95 235 35.2 545 133 151 174
Impact side
DTC (DL) 0.6 0.5 1.9 1.2 3.2 7.1 3.5
) f (kHz) 95 17.2 49.6 109 82.9 98.9 142
Backside
DTC (DL) 0.35 1.3 0.5 0.9 0.6 14.6 12.9

The defect features detected by LVT at differentRLOrequencies are in good
agreement with those areas having relatively lonF30n the C-scan images (i.e.
shallow features): the left and right inner lobesha impact side (Figure 2(c)) and the
two left and right lobes at the backside (Figung)2Deeper damage features including
the outer peripheral features of the impact sidguflé 2(b,c)) and the left and right
lobes of the backside (Figure 2(h,i)) are missimghie corresponding SLDV and LVT
results. Further investigation needs to be doneddress these limitations: (i) the
capability of LDR based NDT for detecting such déegtures (which are expected to
show LDR behavior at higher frequency ranges), @hdevaluating the capability of
LVT to adequately excite these deep features arnecdeheir diffused thermal
signature.

3.2 Sweep vibrothermography (SVT) of impacted Quasi-isotr opic CFRP

To further evaluate the potential of LRRin vibrothermography, the CFRP sample
with quasi-isotropic layup [(+45/0/-45/9@)]is inspected from the backside (Figure
2())). First, the thermal and vibrational resulte @resented at LDR frequencies (see
Figure 5). Subsequently, the spectra corresportdinige entire sweep frequency range
are studied (see Figure 6 and Figure 7).

3.2.1 LDR frequency response

From the SLDV measurements, the following frequestiave been selected for further
investigation: the arbitrary frequency of 95 kHze fundamental LDRat 15.6 kHz and
four LDRxy in the frequency range 91.3-137 kHz. The top rdwrigure 5 shows the
SLDV measurements, the middle row the SVT measumn&srend the bottom row the
LVT measurements (to validate the SVT measuremantklese frequencies. Similar to
Figure 3 and Figure 4, the SLDV images (Figurefp(ahow the combined in- and out-



of-plane velocity amplitude for the arbitrary fremecy, the out-of-plane velocity
component for the LDR and the in-plane velocity component for the LBR
Moreover, the combined in- and out-of-plane velpeaitnplitude is averaged over the
whole sweep excitation as shown in Figure 5(g).nftbe results it is clear that the
vibrometric behavior of this impact damage is digantly influenced by the hair-like
surface crack along the fibers and the two adjait@mgle-like delaminations closest to
the surface (see also Figure 1(1)).

Arbitrary | LDR, | LDR,, . Sweep
"""""" 2 - \Y/ < - [={<
95kHz 1+ 15.6kHz 1 91.3kHz 116 kHz 129 kHz 137kHz 1 1250 kHz

SV‘F_-AmpIitude

7Amp|itude

Figure 5. Measurements corresponding to the bdeksi the quasi-isotropic [(+45/0/-45/9Q)CFRP
sample: (a-g) amplitude of vibration, (h-m) SVTtarganeous amplitude and (n) SVT overall amplitude
by FFT, and (o-t) LVT amplitude.

In order to examine the detectability of LDRs bybrethermography, their
instantaneous thermal signature during the sweagtagion is inspected. SVT s
performed using the same sweep signal used fditie/ experiment (f = 1-250 kHz,
and \pp = 150 V). The linear sweep rate is lowered, legdina total sweep duration of
50 s. The instantaneous thermal images corresppndithe selected LDR frequencies
are presented in Figure 5(h-m) after cold imagetraabon. Furthermore, the whole
history of sweep excitation is post-processed by k¥ order to obtain an overall
amplitude image for the sweep as shown in Figum).5Che amplitude images



corresponding to LVT at the same frequencies arewshin Figure 5(o-t) for
comparison.

The instantaneous SVT images explicitly show thes@nce of the BVID at the
arbitrary frequency of 95 kHz and at the variousRxp. There is no indication of the
BVID at the fundamental LDR The observed thermal signature at the arbitrary
frequency of 95 kHz is found to be related to teeghboring LDRy at frequency 91.3
kHz through thermal inertia effects induced by fiéust rate of the applied sweep. This is
also clearly evidenced by the LVT at 95 kHz, in gfhnot a single indication of the
BVID is hinted. These results clearly demonstrate gromising detectability of defects
through LDRy in live monitoring of SVT.

By comparing the instantaneous SVT amplitudes oREOFigure 5(i-m)) with the
corresponding LVT amplitudes (Figure 5(p-t)), it abvious that LVT leads to an
increased SNR. The fundamental LDR detected by DTC of 1 DL and the LRRare
detected by significantly higher DTC of 18, 5.8,2@énd 9.5 DL at 91.3, 116, 129 and
137 kHz respectively. Although the SNR of the S¥Tawer compared to LVT, it has a
clear benefit in experimental approach. Indeed L¥€ results have been obtained in a
total time frame of ~4 hours for each inspected @aniThis time frame includes (i)
performing the SLDV measurement, (ii) selecting thikerent LDR frequencies, and
(i) finally performing the LVT measurements. Wailthe SVT results have been
obtained in only 50 seconds, free from any SLDV sneament.

The average sweep velocity map of SLDV (Figure oémd overall amplitude of SVT
(Figure 5(n)) provide a comprehensive representabiball activated defect features
during sweep excitation. However, the overall S\filage is affected by the 3D
anisotropic heat diffusion, leading to some ovebphllring effect. These activated areas
correspond to the two diagonal lobes identifiedhie relevant C-scan images (Figure
2(k,1)) as shallow delaminations (with the lowe€H). As discussed earlier in Section
3.1.3, this limitation is the subject of furthewastigation.

3.2.2 Sweep frequency spectrum

In order to validate the dominant contribution @Ry in vibration induced heating, it
Is essential to have an accurate measure of thalamit-of-plane and in-plane energy
deposited into the sample, and the resultant deéscination, over the entire excitation
frequency range. For this purpose, the thermal \abdhtional spectra of the sweep
excitation are studied as presented in Figure & fldure comprises three columns
which show temperature (in digital leveL) (a-c), in-plane velocity,, (d-f) and out-
of-plane velocityl, (g-i) data, respectively. The top row represehésdverage obL,
V., andV;, over the sweep period and a region of interestvehioy the path AB along
the defected area. The middle row shows a curve giidDL, V,, andV, versus
frequency at the two most activated areas of tiiecti¢D1, D2) and at a reference non-



defected point (B). The bottom row represents aatonmap of both temperature (in
digital levelDL) and velocity amplitudeg,, andV, as a function of frequency along the
path AB. The measured temperature data are smamthan Savitzky-Golay filter for
improved presentation and interpretation of thertfa spectrum.

T Sweep

Vyy Swee V, Swee
average ! P B ¢ :

average . average 2
SN s

4
3
3

(=]

5‘;) 100 150 200! ‘ 50 100 150 2(‘)0I 50 100 150 200
Frequency (kHz) | Frequency (kHz) l Frequency (kHz)
Figure 6. Measurements corresponding to the bdeksi the quasi-isotropic [(+45/0/-45/9Q)CFRP
sample subjected to a sweep excitation: (a-d) takerasponse, (e-g) in-plane vibration amplitudeg vV
(h-j) out-of-plane vibration amplitude,V

Figure 6(b) shows the almost steady temperatuesatishe non-defected point B and
the intensified fluctuating temperature rise atdleéected areas D1 and D2 due to LDR
phenomena. This is further confirmed by thermapoese of the entire path AB as
shown in Figure 6(c). At the low frequency ran@e8® kHz, the LDR contributes to
slightly higher vibration induced heating of defxttarea. However, at the higher
frequency range 80-150 kHz, significantly highenperature rise is observed including
distinct spikes at LDR, frequencies as indicated with the dotted vertioals.

The figures of the in-plane vibrational data (esflow that the in-plane velocify,
reaches distinct local maxima at the same fregeenfor which the elevated local
heating takes place (see vertical dotted linesis Ploves again that this elevated local
heating takes place at LQR frequencies. The frequencies corresponding tdabal



maxima in the thermal and in-plane velocity plote &entical to the four LDk
frequencies which were manually selected out ofvibeational frequency spectra and
used in Figure 5.

Compared to the in-plane velocit,,, (Figure 6 (e,f)), the defected area shows a quite
steady elevation of out-of-plane velocity (Figure 6 (h,i)) over the sweep frequency
range (due to relatively small wavelength of asymnimeplate modes effective at this
low frequency) which is naturally intensified at BRP frequencies. Nonetheless, the
heating stages are observed at distinct local maxifit;,,, and show minor sensitivity
to V,. Moreover, the elevated amplitude §f at LDRxy frequencies is significantly
lower than the amplitude of correspondig and has minor effect in vibration induced
heating. This is the transversal effect of LRRwvhich could be due to the Poisson’s
effect, possible buckling and rubbing interactidntlee in-plane defect interfaces and
also projected out-of-plane component of resonadiatominantly in-plane (i.e. slightly
oblique) interfaces.

The in-plane velocityl,, and the out-of-plane velocity, amplitude curves at the
reference point B (see Figure 6(e) and (h)) indictite ability of the low power
piezoelectric actuator to excite the coupon oves throadband frequency range.
Desirably, the in-plane excitation is more effidgiest the higher frequency range
(evidenced by, at the reference point B) and the out-of-planetation is slightly
more efficient at the lower frequency range (evadehbyV, at the reference point B).
This is due to the known behavior of a piezoeledrctuator in stimulation of plate
waves, which has better interaction with the waveden having a wavelength
comparable to its size [31]. Therefore, the loegfrency LDR and the high frequency
LDRxy are adequately stimulated by the attached pieciel@ctuator.

Calculation of the second time (or frequency) darnxe of the temperature over
frequency sweep excitation, as shown in Figureuithér quantifies the instantaneous
gradient of heating intensity. This provides anlesiwe signature of the defects in the
absence of the undesirable effects of heating ediuxy the actuator as well as the
thermal trace of LDRs due to thermal inertia. Hagintensity increases in the vicinity
of LDR frequencies and has a local minimum valuelR frequencies as evidenced by
red and blue fringes, respectively, in Figure 7{dis is further clarified by the curves
shown in Figure 7(b) corresponding to the defeqiethts D1 and D2 and the non-
defected point B where the dips correspond to dlie EDRxy frequencies. As such, the
SVT shows a great potential to be used for autodnexéraction of LDRy.
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Figure 7. The second time (or frequency) deriveati’the thermal response corresponding to SVTef t
backside of the quasi-isotropic [(+45/0/-45/908FRP sample: (a) over the path AB along the deékect
area (see Figure 6(a)), (b) at the defected pBintnd O and the non-defected point B.

3.3 Conclusions

Following the recent extension of classical ouplaine local defect resonance (LDR)
towards in-plane LDR by the current authors, itsfgrenance in vibrothermographic
NDT is investigated. The combination of in-plane R.Qvith vibrothermography for

highly efficient inspection of BVID in CFRPs hasdpeconfirmed. Two CFRP coupons
with different lay-up are stimulated with low powpiezoelectric excitation, and are
inspected using a 3D SLDV and a high sensitivigrtographic camera.

By lock-in vibrothermography, it is shown that teecitation at an in-plane LDR
frequency generally results in an increased thewuatrast at the BVID, compared to
the excitation at the out-of-plane LDR. This canelplained by the increased in-plane
friction of defect interfaces in combination withet higher viscoelastic damping
induced by higher in-plane LDR frequencies. Thaaased heat generation allows to
use low power excitation sources.



Moreover, it is shown that due to the highly effiai heat generation at in-plane LDRs,
fast sweep vibrothermographic inspection can béopeed. In this case, the BVID
heating is clearly visible in the live IR amplitudeages at each time instance that the
excitation frequency corresponds to an in-plane LBR®quency. Thermal and
vibrational spectra of the inspection surface anelisd and the dominant contribution
of in-plane LDR in vibration induced heating is damtrated. Time-frequency
correlation of vibrational and thermal spectra otgd from SVT can be further post-
processed for defect quantification and depth [angfi
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