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Abstract: This paper proposes an efficient non-destructive testing technique for composite materials.
The proposed vibro-thermal wave radar (VTWR) technique couples the thermal wave radar imaging
approach to low-power vibrothermography. The VTWR is implemented by means of a binary
phase modulation of the vibrational excitation, using a 5 bit Barker coded waveform, followed by
matched filtering of the thermal response. A 1D analytical formulation framework demonstrates
the high depth resolvability and increased sensitivity of the VTWR. The obtained results reveal that
the proposed VTWR technique outperforms the widely used classical lock-in vibrothermography.
Furthermore, the VTWR technique is experimentally demonstrated on a 5.5 mm thick carbon fiber
reinforced polymer coupon with barely visible impact damage. A local defect resonance frequency of
a backside delamination is selected as the vibrational carrier frequency. This allows for implementing
VTWR in the low-power regime (input power < 1 W). It is experimentally shown that the Barker
coded amplitude modulation and the resultant pulse compression efficiency lead to an increased
probing depth, and can fully resolve the deep backside delamination.

Keywords: vibro-thermal wave radar (VTWR); vibrothermography; local defect resonance (LDR);
barely visible impact damage (BVID); carbon fiber reinforced polymer (CFRP)

1. Introduction

Active infrared thermography is a cost-effective non-destructive testing technique
which enables fast full-field inspection of relatively large objects using a highly sensitive
infrared camera [1,2]. The test-piece is generally excited with an external heat source so
that a heat flow is stimulated throughout the sample and the defects are detected based on
their impact on the thermal response recorded at the inspection surface. A surface heat
flux can be induced by irradiating the exterior of the test-piece using, e.g., optical lamps or
laser (optical thermography). The heat diffuses throughout the material and the thermal
diffusivity mismatch at defect interfaces provide a means to detect defects. This needs a
double “travelling” distance of the heat wave to the defect’s depth and back to the surface
(while experiencing a highly damped 3D heat diffusion), which makes relatively deep
defects hardly detectable. In fact, the thermal signature of the defect must be sufficiently
high so that it dominates the non-uniform heating induced by the excitation source and
the corresponding in-plane heat diffusion. Especially for composites with high in-plane
diffusivity, the latter is of high concern. Proper post-processing of the thermographic
dataset is essential in order to ensure maximum detectability [3–6]. The test-piece may
also be inspected in the transmission mode such that the defects are detected based on the
thermal response transmitted to the back surface, which leads to increased detectability
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of deep defects [7]. However, this approach requires access to both sides of the test-piece
which limits its application for in situ non-destructive testing (NDT) and health monitoring
of structural components. Anyhow, a defect may still be inaccessible due to its poor
interaction with the stimulated heat wave, e.g., a closed crack with small effective disbond
area or a crack oriented parallel to the heat flow.

Vibrothermography (also known as sonic thermography or thermosonics) is another
active infrared thermography technique in which the test-piece is subjected to an external
vibrational excitation, e.g., using an actuator bonded to the surface [8]. The dynamic
response of the test-piece leads to activation of hardly detectable defects and makes them
act as internal heating sources [9–11]. The vibration-induced heat generated at the defected
area directly diffuses to the generally cold inspection surface and reveals the defect when its
thermal signature is above the noise level of the infrared camera (i.e., 20 mK for a high-end
cooled camera). However, adequate vibrational activation of the defects to a detectable
limit generally requires very high excitation power of up to a few kilowatts [12].

The vibrational response, and so the heating efficiency at the defect, can be amplified
by tuning the excitation at a resonance frequency of the test-piece [13,14]. In case of testing
polymeric materials, this will further lead to efficient self-heating of the test-piece due to
viscoelastic damping which reveals defects as areas with distinctive variation of self-heating
(so-called self-heating based vibrothermography) [15].

Another approach is to tune the excitation frequency band at a local defect resonance
(LDR) frequency, which enables low-power vibrothermography using a piezoelectric (PZT)
wafer or an air-coupled transducer [16–20]. As LDR frequencies should be known a priori
for the LDR based low-power vibrothermography, a more recent study by the current
authors [21] has paved the way for a stand-alone identification of LDR frequencies through
an efficient vibrothermographic spectroscopy procedure.

Sinusoidal amplitude modulation (AM) of the heating excitation for a number of cycles,
so called lock-in thermography [22], increases the signal-to-noise ratio (SNR). Moreover,
the probing depth can be tuned by the AM frequency which controls the diffusion length of
the heat wave. In other words, the lower the frequency, the higher the diffusion length and
as such the deeper the probing depth. Hence, the probing depth of lock-in thermography
is limited due to its fixed AM frequency.

A frequency modulated excitation was initially implemented for broadband thermal
wave imaging with optical excitation by Mandelis [23]. Furthermore, it was extended to the
concept of thermal wave radar (TWR) [24–26] by adapting the pulse compression technique
which was originally developed for increasing the range resolution and the SNR of radio
wave radar systems. In TWR, a modulated waveform is used as the excitation signal and
its cross-correlation with the corresponding thermal response is calculated. In this way,
the impulse response of the sample (considered as a linear and time invariant system) to a
pulsed excitation (Dirac delta-like stimulus) can be estimated, but with a higher SNR. In
fact, the cross-correlation process compresses the energy of the signal under a main lobe
whose peak value determines the strength of the reflected echo, while the associated delay
time (or lag value) indicates the depth of the reflector. Analogue frequency modulated
(sweep) and discrete phase modulated (Barker coded) excitations are the two widely re-
searched types of modulated waveforms in TWR [25,27–33]. Recently, the current authors
introduced a discrete frequency-phase modulated waveform which was the outcome of
an optimization study. This novel frequency-phase modulated waveform outperforms
the existing waveforms in terms of depth resolvability [34–36]. The TWR approach is not
exclusive to the case of optical heating, and it has already been applied for enhanced perfor-
mance of eddy current infrared thermography [37–39]. In vibrothermography, the concept
of sinusoidal amplitude modulation is extensively studied, e.g., [16,20,40,41], resulting in
lock-in vibrothermography (LVT). Application of TWR in vibrothermography has also
been studied by Liu, et al. [42] through linear frequency modulation of the vibrational
amplitude for high-power inspection of a metallic test coupon with flat-bottom holes. It
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was shown that the peak value of the compressed pulse has a higher SNR compared to the
phase images obtained through LVT at different frequencies.

In this paper, a low-power Vibro-Thermal Wave Radar (VTWR) technique for inspec-
tion of composites is introduced. The VTWR procedure employs a vibrational excitation at
a LDR frequency, which is modulated using a 5 bit Barker code, followed by application of
the matched filter process. The peak, lag and phase of the compressed pulse is extracted
and analyzed. The 5 bit Barker coded VTWR is compared to a 5 cycle LVT of the same AM
frequency (i.e., the same excitation energy), and its outperformance in detection of very
deep damage features is demonstrated.

The paper is organized as follows. In Section 2, the background of VTWR is provided
and its enhanced depth resolvability is substantiated based on a 1D analytical model. In
Section 3, experimental validation is provided for a 5.5 mm thick carbon fiber reinforced
polymer (CFRP) coupon with barely visible impact damage (BVID). Various AM frequen-
cies are tested and the deeper probing depth of VTWR is explicitly confirmed. Section 4
formulates the conclusions.

2. Vibro-Thermal Wave Radar (VTWR)

Depending on the gap or contact pressure of the defect’s interfaces and their morphol-
ogy, different heating mechanisms are activated [9,43–45]. Among the various mechanisms,
rubbing friction and viscoelastic damping predominantly contribute to the vibration-
induced heating. Obviously, the frictional heating is exclusively activated in a defected
area. However, the viscoelastic damping (or self-heating) is more significantly present at
the areas with a higher strain energy density. This may be at a defected area due to local
defect resonance [20,21], but also at a non-defected area due to global resonance of the
test-piece [15,46,47]. In this section, a simplified 1D analytical model is used for simulating
the surface thermal response in case of (vibration-induced) subsurface heating of a material
with 5 mm thickness, using MATLAB (R2020a, MathWorks, Natick, MA, USA). VTWR
is applied by binary phase modulation (5 bit Barker code) of the heat flux at the defect’s
depth, and its depth resolvability is compared with LVT.

2.1. Thermal Frequency Response to Subsurface Heat Sources

As schematically shown in Figure 1a, a heat source (i.e., defect) is modelled at a depth
h of a solid medium. A uniformly distributed heat flux qv is applied which is modulated
by a Barker coded signal S(t).

Figure 1. Analysis of the thermal response of a solid medium to subsurface heat sources and implementation of Vibro-
Thermal Wave Radar (VTWR) using a 5 bit Barker coded waveform, (a) schematic model with heat dissipation-free boundary
conditions, (b) VTWR for a 2.5 mm deep defect in a carbon fiber reinforced polymer (CFRP) material.
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In the absence of internal heating sources and lateral heat dissipation, the thermal
response of the solid medium along the depth (z-axis) is governed by the 1D parabolic
equation of heat diffusion [48]:

∂2T(z, t)
∂z2 − 1

αz

∂T(z, t)
∂t

= 0 (1)

αz =
kz

ρCp
(2)

where T is temperature [K], t is time [s], αz is thermal diffusivity [m2/s], kz is thermal
conductivity [W/m K], ρ is the density [kg/m3] and Cp is the heat capacity at constant
pressure [J/kg K]. The vibration-induced heat is generated at the defect’s depth (i.e., z = 0)
and the thermal response of the inspection surface (i.e., z = h) is calculated by applying
the heat dissipation-free boundary conditions given in Figure 1a.

By substituting the harmonic solution T(z, t) = θ(z, ω) exp(iωt) in Equation (1) and
solving the differential equation, the steady-state thermal response to a mono-frequency
excitation is derived as [34,49]:

θ(z, ω) =
q(ω)

β(ω)kz

(
exp(β(ω)(z− 2h) + exp(−β(ω)z)

1− exp(−2β(ω)h)

)
(3)

where i =
√
−1, ω = 2π f is the angular frequency [rad/s], β(ω) =

√
iω/αz. Here,

q(ω) is the frequency-domain heating load which, for a given heating amplitude qv and
modulation signal S(t), is calculated by:

q(ω) = F{qvS(t)} (4)

The time-domain thermal response of the inspection surface (z = h) is then derived
from:

T(h, t) = F−1{θ(h, ω)} (5)

where F and F−1, respectively, denote Fourier and inverse Fourier transform operator.

2.2. Matched Filtering of the Vibro-Thermal Response

VTWR is implemented by matched filtering (i.e., cross-correlation) of the surface
thermal response T(h, t) with the modulation signal S(t), as follows [50]:

χ(h, τ) = T̃(h, t)⊗ S̃(t + τ) =
∫ +∞

−∞
T̃(h, t)S̃(t + τ)dt (6)

where ⊗ denotes cross-correlation and () denotes the alternating (AC) component of the
signal due to the mono-polar (heating only) nature of vibration-induced heating. In the
analytical simulation, a purely harmonic (i.e., bi-polar, or heating-cooling) excitation is
applied (i.e., S̃ = S and T̃ = T). However, in practice this AC component is usually
estimated by removing a low-order polynomial interpolant of the thermal response as the
direct (DC) component [28,34,51]. For computational efficiency, the analysis is performed
in the frequency domain as follows [50]:

χ(h, τ) = F−1{θ(h, ω)ς∗(ω)} (7)

ς(ω) = F
{

W(t)S̃(t)
}

(8)

where the superscript (∗) denotes the complex conjugate and W is a windowing function
used for reducing the side lobes of the cross-correlation. In this study, a Hanning window
is applied.
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Due to the pulse compression efficiency of the Barker coded excitation signal, the
cross-correlation χ(h, τ) compresses the energy of the whole signal under a main peak as
shown in Figure 1b, which its time delay (lag) corresponds to the depth of defect. The
asymmetry and the lag introduced by the thermal response from a subsurface defect
is readily illustrated in Figure 1b by comparison of χ(h, τ) with the auto-correlation of
the excitation signal χAuto(τ) which is a sinc-like function. The peak value Peakχ and
corresponding lag lagχ of the cross-correlation are then derived as:

Peakχ = Max(χ(h, τ)) (9)

lagχ = τ|χ(h,τ)=Peakχ
(10)

Subsequently, the phase of cross-correlation ϕχ can be found as:

ϕχ = tan−1
(

χ(h, τ)

χH(h, τ)

)∣∣∣∣
τ=0

(11)

where χH represents the cross-correlation of T̃(h, t) with the Hilbert transform of S̃(t) [26].
In the case of mono-frequency harmonic excitation, the peak Peakχ and the phase ϕχ of

cross-correlation reduce to the well-known magnitude and phase of lock-in thermography.
In this case, calculation of lagχ is impractical due to the poor pulse compression quality.

2.3. Performance of Vibro-Thermal Wave Radar (VTWR)

In this section, VTWR is applied using a broadband 5 bits Barker coded waveform [50]
as shown in Figure 1a. CFRP material with through-the-thickness thermal conductivity
kz = 0.53 W/m K, density ρ = 1530 kg/m3 and specific heat capacity Cp = 917 J/kg K [52]
is modelled. The Peakχ, lagχ and ϕχ at AM frequencies 0.05 to 0.1 Hz are calculated for
subsurface defects up till 5 mm deep. The 5 bit Barker coded VTWR is also compared
with a 5 cycles LVT of the same AM frequency in terms of Peakχ and ϕχ which correspond
to the magnitude and phase of classical lock-in thermography. The results are presented
in Figure 2.

Comparison of the Peakχ values (see Figure 2a, the left axis) indicates that a lower
AM frequency increases the magnitude of the peak value over the whole depth range.
Although the magnitude of Peakχ reduces by the depth, its ratio from VTWR to that of
LVT (see Figure 2a, the right axis) rises significantly and at a higher rate for the higher AM
frequency. Hence, this amplitude magnification effect of VTWR, which is gained through
the broadband nature of the 5 bit Barker code, increases by the depth of the subsurface heat
source and as such enhances the detectability of deeper defects in vibrothermography.

The left axis of Figure 2b shows that for both LVT and VTWR, the phase ϕχ increases by
depth, but it reduces by lowering the AM frequency. Moreover, the broadband modulation
introduced by VTWR leads to a lower phase ϕχ compared to LVT. This is explicitly shown
in the right axis of Figure 2b which indicates that the degradation of ϕχ through VTWR is
more pronounced at the lower AM frequency and for deeper defects.
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Figure 2. Simulation of VTWR using a 5 bit Barker coded waveform (see Figure 1a) at two AM
frequencies 0.05 and 0.1 Hz for inspection of a 5 mm thick CFRP, and its comparison with 5 cycles
LVT at the same AM frequency. (a) Peakχ, (b) ϕχ , and (c) lagχ.

Figure 2c further shows that the lagχ of VTWR increases by the depth and also
by lowering the AM frequency. The results explicitly show that although reducing the
AM frequency from 0.1 to 0.05 Hz doubles the time period of the modulation cycle, the
corresponding lag time lagχ slightly changes and does not increase proportionally. This
explains why lowering the AM frequency results in a lower phase delay at a particular
depth (Figure 2b).

Overall, the results of analytical simulation demonstrate that the proposed VTWR
technique outperforms LVT in terms of Peakχ leading to an increased thermal signature
particularly from deep defects. Moreover, it enables calculation of lagχ as a measure for
the depth of defect.

3. Experimental Validation of VTWR

In this section, the enhanced depth resolvability of VTWR is further validated by
experiment. For this purpose, an impacted CFRP coupon (Honda R&D, Wako, Saitama,
Japan) with a quasi-isotropic lay-up [(+45/0/− 45/90)3]S and dimensions 100× 150×
5.5 mm3 was inspected (see Figure 3). The vibrational response of the sample was first
measured by scanning laser Doppler vibrometry, and several local defect resonances
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were identified. An LDR of a deep backside delamination was selected to evaluate the
performance of LVT and VTWR at various AM frequencies.

Figure 3. Impacted CFRP coupon of thickness 5.5 mm and corresponding vibrational response (in-plane vxy, and out-
of-plane vz ) measured by 3D infrared scanning laser Doppler vibrometer at a selected LDR frequency fLDR = 91.3 kHz,
(a) schematic presentation of the impacted CFRP, (b–d) backside results, (e–g) impact side results. D is the resonated fraction
of barely visible impact damage (BVID), and N is an in-plane vibrational node of the CFRP coupon.

3.1. Experimental Set-Up and LDR Selection

The CFRP sample was impacted with a 7.1 kg drop-weight from a height of 0.1 m
according to ASTM D7136 [53] resulting in an impact energy of 6.3 J, which introduced
BVID including a hair-like surface crack at the backside (see the inset of Figure 3b). In
order to induce broadband vibrations, a low-power PZT wafer (type EPZ-20MS64W from
Ekulit, Ostfildern, Germany, with a diameter of 12 mm) was attached to the impact side of
the CFRP coupon using Phenyl salicylate (Alfa Aesar by Thermo Fisher GmbH, Kandel,
Germany). A Tektronix AFG-3021B arbitrary wave generator (Tektronix, Beaverton, OR,
USA) together with a Falco System WMA-300 voltage amplifier (Falco Systems BV, TH
Katwijk aan Zee, Netherlands) was used to supply a 150 Vpp sine sweep from 1 to 250 kHz
to the PZT. The mechanical power transmitted to the sample is calculated to be about
200 mW according to [17] and, as such, confirms the low-power vibrational levels used in
the here-described vibrothermography experiments.

In order to study the LDR behavior of the CFRP with BVID, the vibrational response of
the sample was measured using a 3D infrared scanning laser Doppler vibrometer (PSV-500-
3D XTRA, Polytec GmbH, Waldbronn, Germany) at a sampling frequency of 625 MS/s. The
total measurement time of the laser Doppler vibrometry measurement was around 18 min
for a scanning grid of 3166 points. BVID is comprised of a complex combination of damage
features through the depth, introducing multiple LDRs measured at both the impact
side and the backside of the sample [20]. Among the different measured LDRs, an LDR
frequency of 91.3 kHz is chosen to be tested by vibrothermography which corresponds
to a deep backside delamination in BVID (see Figure 3a). At this frequency, only the
backside of the sample manifests a prominent in-plane LDR (see the indicated region D
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on Figure 3c). The (practically accessible) impact side (Figure 3f,g) is totally transparent
to this LDR and merely indicates a global in-plane resonance of the sample. Whereas the
sample is also experiencing a global in-plane resonance at this LDR frequency, it is expected
that the vibrational nodes (e.g., the indicated region N on Figure 3c,f), which experience
high in-plane strain energy density, heat up due to corresponding high damping losses. It
should be noted that all surface maps of Figure 3 are shown with the same colormap scale
so that the backside LDR behavior of the BVID at the frequency of 91.3 kHz is distinctively
shown. Further, the vibrational response of the backside is mirrored so that the relative
location of defects can be conveniently compared.

For vibrothermography measurements, the CFRP sample was inspected from both
impact side and backside, and the depth resolvability in detecting the backside LDR was
evaluated. Vibrational excitation was applied at the selected LDR frequency of 91.3 kHz,
and was modulated at different AM frequencies 0.1, 0.075 and 0.05 Hz. VTWR is performed
by using a 5 bit Barker coded waveform (see Figure 1a) and is compared with LVT of
the same duration and energy (i.e., 5 cycles of sinusoidal excitation at the same AM
frequency). The surface temperature was measured by a FLIR A6750sc infrared camera
(FLIR, Wilsonville, OR, USA) at a sampling rate of 25 Hz. The camera has a cryo-cooled
InSb detector, a pixel density of 640× 512, a noise equivalent differential temperature
(NEDT) of <20 mK, a bit depth of 14 bit and is controlled by edevis GmbH hardware–
software (DisplayImg 6, edevis GmbH, Stuttgart, Germany). The output of the infrared
camera is given in digital level (DL) scale, which corresponds to the intensity of the emitted
infrared radiation. The measured thermal images were exported and further analyzed in
MATLAB (R2020a, MathWorks, Natick, MA, USA).

3.2. VTWR versus LVT at the Selected LDR Frequency

Initially, the CFRP sample was inspected at the AM frequency of 0.05 Hz. The 5 bit
Barker coded waveform is extended with one bit of step heating as shown in Figure 4a. In
this way, the latency of the thermal response to the coded waveform is taken into account
and the corresponding AC component is properly decoupled [51]. The AC component is
decoupled by filtering the DC component as a quadratic polynomial fit of the measured
response. The raw temperature and the extracted AC component are shown in Figure 4 for
a random pixel in the defected area at (b) the backside (shallow delamination) and (c) the
impact side (deep delamination).

Figure 4. (a) A 5 bit Barker coded waveform extended with one bit of step heating. Raw thermal response and extracted
alternating (AC) and direct (DC) components at a random pixel in the defected area: (b) backside and (c) impact side.

The surface maps of Peakχ, ϕχ and lagχ at the AM frequency of 0.05 Hz are shown in
Figure 5. The top and the bottom rows correspond to the inspection of the CFRP sample
from the backside and the impact side, respectively. Due to the relatively low SNR of the
thermal signal measured on the impact side (Figure 4c), a median filter with kernel size
3 × 3 pixels is applied to the Peakχ maps (Figure 5d) for enhanced visualization of the
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heat sources. The results of both LVT and VTWR are shown with the same color scale for
consistency, and the color bars of Peakχ indicate the contrast with the sound area.

Figure 5. Vibrothermographic inspection of the CFRP sample at LDR frequency 91.3 kHz and AM frequency 0.05 Hz
through LVT and VTWR from backside (top row) and impact side (bottom row): (a–d) Peakχ (e–h) ϕχ and (i–j) lagχ. Note
that the area heated by the PZT wafer is saturated in (c,d).

From the vibrational inspection (see Figure 3), it is clear that the chosen in-plane LDR
frequency of 91.3 kHz activates a very deep fraction of the BVID in the backside. For the
vibrothermographic inspection of the sample from the backside (see Figure 5a,b), the defect
is clearly detected with a relatively high peak value, and there is no difference observable
between the peak values obtained from LVT and VTWR. By saturating the colormap scale,
a few other heating regions (e.g., the region N) are also detected, which correspond to the
damping losses of the global in-plane vibrational nodes (see the inset of Figure 5b).

For the inspection from the impact side (see Figure 5c,d), the same vibrational nodes
as well as the very deep defected area D (which was actually transparent to laser vibrom-
etry from the impact side) are detected. Moreover, the Peakχ at defect D is significantly
higher for VTWR compared to LVT. Hence, the defect region D can be discerned from the
vibrational node N in the VTWR results. The self-heating of the PZT wafer (attached on the
impact side) leads to considerable heat generation, and is, therefore, saturated to improve
the readability of the surface maps.

In terms of ϕχ (Figure 5e–h), the results of both LVT and VTWR provide a clear indica-
tion of the vibrational nodes and the defect region D. The results of the two techniques are
comparable for the backside inspection. For the impact side however, they are significantly
different. The phase map of LVT shows a higher dynamic range in which the phase of
shallowest heat source (i.e., PZT) is close to the highest phase value of the range, and the
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phase of deepest heat source (defect region D) is close to the lowest phase value of the range.
This is in good agreement with the results of simulation which showed outperformance of
LVT in terms of ϕχ.

In terms of lagχ (Figure 5i,j), VTWR provides a meaningful indication of the defected
area D and the vibrational nodes. For the backside surface map, the PZT area has the
highest lagχ indicating that this is the deepest heat source, while the defected area has the
lowest lagχ indicating that it is the shallowest heat source (and vice versa for the surface
map of the impact side). Note that the upper limit of the colormap scale for lagχ is set to
20 s to saturate noise and provide better indication of detected features.

The amplitude amplification efficiency of VTWR for inspection of deep defects is
further demonstrated in Figure 6, through the cross-correlation curves of LVT and VTWR
averaged over the defected area D. Application of VTWR on the backside (shallow delami-
nation) results in a compressed pulse with a prominent peak, which is slightly higher than
the amplitude of the sinusoid resultant from LVT. More importantly, application of VTWR
on the impact side (deep delamination) results again in a compressed pulse, but now with
a significantly higher amplitude compared to LVT.

Figure 6. Compressed pulses of LVT and VTWR at AM frequency 0.05 Hz for the defected area D: (a) backside (shallow
delamination) and (b) impact side (deep delamination).

3.3. VTWR versus LVT at Different AM Frequencies

For better understanding the efficiency of VTWR for the detection of deep defects
in terms of the peak value Peakχ, the impact side of the sample was inspected at three
different AM frequencies: 0.1, 0.075 and 0.05 Hz. The Peakχ maps are shown for both LVT
and VTWR in Figure 7a–f. Further, a contrast-to-noise ratio (CNR) is calculated for the
defected area D and the vibrational node N, using the following equation [54]:

CNR =

∣∣∣PeakχR − PeakχS

∣∣∣
σS

(12)

where PeakχR and PeakχS are the average values of Peakχ over an area of interest (i.e.,
defect D and node N) and the reference sound area S, respectively. σS is the standard
deviation of Peakχ over the reference sound area S. The areas are indicated on Figure 7a.
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Figure 7. Inspection of the impact side of the CFRP sample at various AM frequencies: (a,d,g)
0.1 kHz, (b,e,h) 0.075 kHz and (c,f,i) 0.05 kHz. The top and the middle rows present the surface maps
of Peakχ resulting from LVT and VTWR, and the bottom row displays the CNR values of regions S,
N and D calculated for both techniques. The color bars indicate the contrast with the sound area S.

With this definition, a CNR value < 1 indicates that the area of interest cannot be
discerned from noise. The CNR values for both VTWR and LVT are given in Figure 7g–i
and listed in Table 1.

Table 1. CNR values of Peakχ calculated for both LVT and VTWR techniques.

Inspection
Technique fAM = 0.1 (Hz) fAM = 0.075 (Hz) fAM = 0.05 (Hz)

S N D S N D S N D

LVT 1 1.14 0.87 1 1.27 1.01 1 2.85 3.43
VTWR 1 1.40 1.38 1 1.49 2.94 1 3.10 8.04
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The Peakχ maps together with corresponding CNR values confirm the higher magnifica-
tion efficiency of VTWR for the deep defects. At the highest AM frequency of 0.1 Hz, there
is a minor indication of the vibrational nodes and the defected region D (Figure 7d). Upon
lowering the AM frequency to 0.075 Hz (Figure 7e) and further to 0.05 Hz (Figure 7f), the
defected region D is detected with a considerably higher magnitude compared to the vibra-
tional nodes. At all AM frequencies, application of VTWR leads to an increased CNR value
at the vibrational node N. However, more importantly, it increases the CNR of the defected
region D with a higher rate. This leads to a distinct detectability of the (deep) backside defect
D at the two lower AM frequencies 0.075 and 0.05 Hz. At these frequencies, VTWR allows
for distinguishing the heating induced by the defected area D from the ‘misleading’ heating
induced by a non-defected vibrational node like N. This is in clear contrast with the results
obtained through LVT: even at the lowest AM frequency of 0.05 Hz, the CNR of the defect
region D is at a similar level as the CNR of the vibrational node N.

4. Conclusions

Vibro-thermal wave radar (VTWR) technique was introduced as an efficient low-
power non-destructive methodology for inspecting materials. The VTWR technique was
benchmarked with the classical lock-in vibrothermography (LVT).

The VTWR was applied by binary phase modulation of the vibrational excitation
using a 5 bit Barker coded waveform, and evaluating its cross-correlation with the resultant
thermal response. Its performance was evaluated by means of a 1D analytical model in
which the vibration-induced defect heating is simulated as subsurface heating sources. It
was shown that the broadband nature of applied amplitude modulation in VTWR results
in a magnification effect on the thermal signature, which is most pronounced for deep
defects. It was further shown that LVT has a higher dynamic range in terms of phase. In
turn, the pulse compression efficiency of VTWR provides a lag quantity which is a good
measure for the defect depth.

Experimental validation was presented on an impacted CFRP coupon (impact energy
6.3 J) with thickness 5.5 mm. A backside delamination fraction was activated by vibrational
excitation at the local defect resonance frequency of 91.3 kHz. Inspection of the impact
side revealed that scanning laser Doppler vibrometry is unable to detect this very deep
delamination. However, VTWR methodology is successful in detecting and resolving the
very deep delamination in the impacted CFRP coupon and with a significantly higher
contrast-to-noise ratio compared to LVT. Different AM frequencies were tested and the
outperformance of VTWR was demonstrated.

Therefore, the proposed VTWR technique can be applied for full-field inspection
of thick composite components and detection of very deep backside defects, using a
noninvasive low-power vibrational excitation. Further analysis of the resultant lag quantity,
enables characterization and depth estimation of defects.
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