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Abstract: Ceramic-coated materials used in different engineering sectors are the focus of world-wide
interest and have generated a need for inspection techniques that detect very small structural
anomalies. Non-destructive testing is increasingly being used to evaluate coating thickness and to
test for coating flaws. The main pros of non-destructive testing is that the tested object remains intact
and available for continued use afterward. This paper reports on an integrated, non-destructive
testing approach that combines infrared thermography and acousto-ultrasonics to evaluate advanced
aerospace sandwich structure materials with the aim of exploring any potential for detecting defects
of more than one type. Combined, these two techniques successfully detected fabrication defects,
including inclusions and material loss.

Keywords: non-destructive testing; infrared thermography; acousto-ultrasonics; ceramic coatings;
sandwich structure

1. Introduction

The interest towards the application of ceramic coatings above all into the aerospace section
grows year by year; consequently, techniques which are able to detect small defects must be more
sophisticated [1].

The manufacture of ceramic materials is very complex also because they are not limited to the
aerospace section, but they have the opportunity to be applied in many advanced engineering
applications [2–6]. Insulation properties spelt out in the thermal barrier factor hold bright
prospects [7]. A major drawback, is that they catastrophically fail upon reaching critical stress
limits, and manufacturing processes or in-service conditions may introduce flaws [8].

Coating functions must be well understood in order to examine or determine its qualities.
Decorative or ornamental coatings must meet different requirements to protect against wear and
temperature [9]. As described in [10], numerous factors are important to determining coating qualities.
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Non-destructive testing (NDT) is coming into wide use to determine coating thickness and detect
coating flaws. Its primary advantage is that the object tested remains intact after testing and can
continue in service [11]. “Flaws” change the properties of the component and may arise both during the
manufacture and operation stages. This happens more and more for components subjected to high-stress,
such as those in the aerospace sector. These require a pronounced safety standard, which can be linked
to NDI (inspection) and NDE (evaluation) reasons. The present paper proposes a technique that offers
advantages for a smart detection and subsequent evaluation of damages caused during operation, while
meeting prerequisites for the understanding of component failures and/or lifetimes [12].

Defects in sandwich materials may arise during the same steps above-mentioned for ceramic
coatings [13]. Sandwich structures made in composite materials are usually realized by two thin
and relatively stiff skins having the lightweight property; in the middle, there is a thick (called core
material) that normally has the low strength property. Greater thicknesses, greater bending stiffness
and overall low density are at the basis of sandwich composites. Concerning structural applications,
sandwich materials are characterized by high stiffness, fatigue resistance, and lightness which provide
an increased uniformity in terms of mechanical properties [14,15].

In the present case under analysis, the alumina component has been used as “coating” function,
by simulating, e.g„ the AETB-8 material (Alumina Enhanced Thermal Barrier). It is important to
remark that by adding Al2O3 into the component, the main thermal properties increase; in addition,
the weight remains practically the same, as well as the resistance. [16]. An adhesive tape was placed
between the sandwich structure and the alumina tile in order to fix them each other.

Due to the complexity of material structure and bonding process in production, several types of
defects that affect the load carrying capacity may occur during the manufacturing process, such as void,
inclusion, and disbonding. A kissing bond is a special type of disbond, which is crucial in terms of
structural integrity as they can deteriorate due to in-service loading or environmental conditions [17–19].
Detecting a kissing bond is a challenge because there is no air pocket or void that can be detected
thanks to pulsed thermography (PT) and acousto-ultrasonics (AU) techniques.

The defect detection in this study involved scratch, inclusion, and material loss, which may
be caused by high-speed impact in-service. The test analyzed the complex structure by using the
above-mentioned NDT techniques. The purpose was to identify every possible defect using an
integrated approach.

Both the sandwich structure in carbon fiber reinforced plastic (CFRP) and the alumina tile
are presently in common use in the aerospace industry and were provided by the Thales Alenia
Space Company.

It is well-known that space structures are strongly subjected to sudden fluctuations of ambient
conditions, therefore, safe operation requires that damage must be recognized quickly to prevent
catastrophic component failure [20]. NDT techniques may help a lot to guarantee the structural
integrity. Early imperfection detection in materials and construction is critical. Component diversity
and complexity demand skills in several complementary inspection methods [21–25]. Thermographic
tests are increasingly important in composite material inspections. On the one hand, these tests have a
lot of pros, although a number of technical problems limit their use. These limitations are now being
overcome [26–33]. On the other hand, AU technique, which is based on digital signal processing
and pattern recognition algorithms, is able to characterize the defects detected in the component
under inspection.

This manuscript reports on a proposed integrated testing approach using both IRT and AU for
complex sandwich structures manufactured on the basis of advanced aerospace materials. It explores
their potential in detecting various defects.

2. Sandwich Structure Sample Construction and General Characteristics

The sample used in this study is 102 mm × 102 mm × 7 mm and is illustrated in Figure 1.
The materials composing the sample are a honeycomb core made by carbon fibers which is located in
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the middle between two 6 mm-thick CFRP layers (0, 90). This component was linked to a 1 mm-thick
alumina ceramic plate through a double-sided adhesive tape. A 3MTM Scotch-WeldTM structural
adhesive film AF 191 was used into the entire component. The sample core was pierced from side 1.
These are hole defects A and C (Figure 1b,c), although they seem to be cylindrical defects looking at side
1. This is caused by the fact that the materials used for the inclusions are very elastic and they adapt
the shape to the cells present on the sides of the sample. Both holes were diameter (ϕ = 5 mm), length
(L = 70 mm), and depth (z = 0.5 mm). The holes were realized by using a drill after the fabrication of
the sample. Both were filled with Teflon-covered sponges, which mimic inclusions. Another fabricated
defect was realized on side 2 (see defect D in Figure 1a,b). In the latter case, a 10 mm × 11 mm × 6 mm
part of the sandwich was cut to simulate a post-impact material loss. Point B shows a small, thin scratch
on the rear side of the alumina ceramic plate, which appears to have no NDT relevance and is reported
in Figure 1 for the sake of completeness.
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Figure 1. Test sample: (a) Rear view showing the sandwich structure; (b) Top view showing the alumina
ceramic plate, defect B, and fabricated defect D in side 2; and (c) lateral view showing cross-section of
the fabricated defects A and C (already anticipated in (b)).

The complex sandwich structure sample had three layers:

1. A thin-film ceramic (alumina) substratum (99.6%) (Figure 1b): interested readers may consult [34,35]
In order to deepen thermal and mechanical characteristics.

2. Double-sided adhesive tape, (Figure 1c) to simulate adhesive between the CFRP material and the
alumina layer; and

3. Sandwich structure (Figure 1a) that comes from a spacecraft antenna reflector. The fabric material
has several openings. It allows noise to be transmitted and dissipated through them. Contextually,
it dissipates heat in a very simple way. The outer layer openings are aligned with the inner layer
openings to form several openings through the reflector membrane. In the real case, the antenna
reflector works into the microwave frequency band. It is worth to be mentioned that the outer
layer is strictly in contact with the inner layer.
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From a physical and technical point-of-view, more information concerning the antenna reflector
structure taken under consideration can be found in [36]. In particular, it clarify the role of the
intersection of the 3 fibers oriented tri-axially along the three main directions of the second microwave
reflective layer.

3. Pulsed Thermography

Infrared pulsed thermography (PT) is a simple, rapid non-destructive evaluation (NDE) technique.
It offers non-contact detection of the piece being inspected. IRT is often influenced by many conditions,
such as reflections of lens and surrounding heat source, surface non-uniformity, and uneven heating.
Some control over these influences is possible. Non-uniform heating is an unavoidable problem, which
can be minimized, but not overcome, when carrying out the experiment. Data processing can mitigate
the effects. Several proposed techniques can reduce the impact of these influences.

3.1. Heat Conduction Theory

The Fourier’s law three-dimensional heat diffusion in a solid can be written as [37]:

∇
2T −

1
α
·
∂T
∂t

= 0, (1)

where∇ is the 3D del operator, T is temperature, t is the time, α = κ/ρcp [m2/s] is the thermal diffusivity
of the material being inspected, κ [W/m·K] is thermal conductivity, ρ [kg/m3] is density, and cp [J/kg·K]
is specific heat at constant pressure.

The Fourier’s Law one-dimensional solution for a Dirac pulse propagating through a semi-infinite
homogeneous material is given by [37]:

T(z, t) = T0 +
Q

e
√
π·t

exp
(
−

z2

4αt

)
, (2)

where T [K] is the temperature at position z and time t; T0 [K] is the initial temperature; Q [J/m2]

is the energy absorbed by the surface; e =
(
κρcp

)1/2
[m] is effusivity, which is a thermal property

that measures the material’s ability to exchange heat with its surroundings; and exp is the natural
exponential function. A Dirac heating pulse is an ideal waveform, which is defined as an intense
unit-area pulse [38]. Normally the power source produces a squarish pulse.

At the surface (z = 0 mm), Equation (2) can be rewritten as follows [37]:

T(0, t) = T0 +
Q

e
√
π·t

, (3)

where T(0, t) is the temperature at the surface (z = 0 mm) and time t. Equation (3) is only an
approximate solution of the complex three-dimensional heat conduction described by Fourier’s
law—Equation (1). Many PT processing techniques are based on this simplification to perform
qualitative and quantitative analysis.

3.2. Data Acquisition

The sample surface was submitted to a high-energy stimulation source. There are different excitation
sources, basically: pulsed or modulated. Step heating is also found in the literature, referring to a long
pulse excitation [39]. In this study, two high-energy halogen lamps (each provided 1000 watts of power)
were used to generate a long pulse heating. Over time, the thermal front travels through the sample.
Surface temperature should decrease uniformly over time if there are no flaws. Subsurface discontinuities,
such as porosity, delamination, disbonding, fibre breakage, and inclusions, can be viewed as resistance to
heat flows that produce abnormal temperature patterns at the surface. There are two configurations in



Energies 2019, 12, 2537 5 of 12

which PT inspection can be performed: 1) reflection mode, i.e., excitation and data acquisition are carried
out on the same side; 2) transmission mode, i.e., the sample is stimulated from one side whilst data
is recorded on the opposite side (Figure 2). The distance between the lamps and the detected surface
was about 1.2 m. Thermal changes were acquired using a cooled focal plane array infrared camera
(Phoenix, InSb, 3 to 5 µm) with a 640 × 512 pixels array. A synchronization unit was needed to control
the time between the launch of the thermal pulse and recording. Data was stored as a 3D matrix where x
and y are the spatial coordinates, and t is time. Temperature decreases approximately at t1/2, at least
early in the process, as predicted by Equation (3), except for the defective areas, where the cooling rates
differed. Once data was acquired, it was available for qualitative and quantitative analysis.
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Figure 2. Experimental setup in pulsed thermography (PT).

Considering the low thermal conductivity of ceramic materials, which acts as a resistance to
the thermal front, the transmission mode was used to detect the sample. In the reflection mode,
heat propagates from the surface to defect locations and then travels back to the sample surface.
The situation is different in the transmission mode where heat travels from the rear surface to the front,
considerably reducing the energy requirements for defect detection.

3.3. Pulsed Phase Thermography

In pulsed phase thermography [40,41], data is transformed from the time domain to the frequency
spectra, using a one-dimensional discrete Fourier transform (DFT):

Fn = ∆t
N−1∑
k=0

T(k∆t) exp(− j2πnk/N) = Ren + jImn, (4)

where n designates the frequency increment (n = 0, 1, . . . N), ∆t is the sampling interval, k is the number
of the thermal image, N is the total number of thermal images, j is the imaginary number (j2 = −1),
and Re and Im are the real and the imaginary parts of the transformation, respectively.

Real and imaginary parts of the complex transform are used to estimate the amplitude An, and the
phase φn:

An =

√
Re2

n + Im2
n and (5)

φn = tan−1
( Imn

Ren

)
, (6)

where tan−1 denotes arctan function. Equation (4) is slow, but useful. A fast Fourier transform (FFT)
algorithm is available in many software packages.
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The phase, Equation (6), is of particular interest in NDE as it is less affected than raw thermal data
by uneven heating. These phase characteristics are very attractive in qualitative inspections and for
quantitative characterization of materials [42,43].

3.4. Principal Component Thermography (PCT)

A Fourier transformation is a valuable tool for converting the signal from the temperature-time
space to a phase-frequency space. It does so through the use of sinusoidal basis functions. This may
not be the ideal choice for representing transient signals such as temperature profiles, typically found
in PT. Singular value decomposition (SVD) is an alternative tool to extract spatial and temporal data
from a matrix in a compact or simplified manner. Rather than relying on a basis function, SVD is an
eigenvector-based transformation that forms an orthonormal space. SVD is close to principal component
analysis (PCA) with the difference that SVD simultaneously provides the PCAs in both row and
column spaces.

The SVD of an M×N matrix A (M > N) can be calculated as follows [44]:

A = URVT, (7)

where U is an M×N orthogonal matrix, R is a diagonal N×N matrix with singular values of A present
in the diagonal, and VT is the transpose of an N×N orthogonal matrix (characteristic time).

In order to apply SVD to thermographic data, a 3D thermogram matrix representing time and spatial
variations must be restated into a 2D M×N matrix A. This is done by rearranging the thermograms
for every time as columns in A in such a way that time variations occur column-wise, while spatial
variations occur row-wise. In this configuration, the U columns represent a set of orthogonal statistical
modes known as “empirical orthogonal functions” (EOFs), which describe spatial variations of data [45].
Principal components (PCs), represent time variations, and are arranged row-wise in matrix VT. The first
EOF will represent the most characteristic variability of the data. The second EOF contains the second
most important variability. Original data can usually be adequately represented by a few EOFs.
Typically, a 1000-thermogram sequence can be replaced by 10 or fewer EOFs [43].

4. Acousto-Ultrasonics (AU)

AU attempts to quantify damage in composite materials. It involves the ultrasonic excitation,
via a special piezo-ceramic transducer, of selected or known points, on the material surface, and the
reception, using a similar transducer, of the resulting transient elastic waves at another spot on the
material surface. A pulsing transducer introduces broadband Dirac-type pulsed ultrasonic waves into
the sample. These waves propagate along the sample length to the receiver transducer. The following
paragraph discusses the experimental aspects of data acquisition by AU regarding our sample [46–49].

During an AU test, a broadband transducer was used as a pulser and another pico transducer, also
broadband, was used as a receiver. Both are manufactured by PAC (Physical Acoustics Corporation
USA) and provided by Envirocoustics (Greece).

The transducers were clamped to the sample at 50 mm for each AU measurement. The acquisition
board was a 16-bit PCI-2 by PAC. Pre-amplification of 40 dB and band-pass filtering at 20–1200 kHz
was performed by 2/4/6-AST preamplifiers, also manufactured by PAC. ∆t front end filtering excluded
recordings out of the gauge length. The recording parameters peak definition time (PDT), hit definition
time (HDT), and hit lockout time (HLT) were set at the following values: PDT = 50 µsec; HDT = 200 µsec;
and HLT = 800 µsec. The recording threshold was set at 40 dB.

The positioning of the pulser/receiver system onto the actual surface was significant, as in most
qualitative NDT methods. A number of characteristic (signature) signals derived from a healthy,
non-defected area had to be obtained. These signals were subsequently compared to the various
acquired signals from other locations on the structure under investigation. It has to be stressed that this
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technique is not static, i.e., the sensors are not mounted onto the surface, but rather moved in every
direction, in a scanning manner (either sweep or point modes).

In real test conditions, the initial assumption is that the structure is generally defect-free. From a
methodological point of view, the baseline/healthy state signal features needed to be determined first.
Then, a scan of the structure was carried out, in either a sweep or grid (canvas) point realization.
Signals having features deviating from the healthy state could be used for damage identification
and location.

5. Comparisons

The sample was inspected in transmission mode, heated for 3 min with two halogen lamps worked
at the maximum power of 1000 watts per lamp. Considering the low thermal conductivity of ceramic
materials, the data collection time was set to 7 min. Data acquisition frequency was set to 3 Hz. Figure 3
presents the result image and profiles obtained by PT in transmission mode. The defects A and C were
not quite visible on the raw thermal image (Figure 3a). The temperature over time of the three defects
A, C, and D, and non-defective area appear in Figure 3b. The profiles corresponding to the defects
and non-defective area are separately presented. The curves of defects A and C are indistinguishable
because of their similar thermal properties. The cooling curves tended to converge to one line after 420 s.
This indicated that 7 min data acquisition time was adequate. It should be noted that infrared radiation
from the object was sampled along with the unit digital level (DL). Specimen infrared emissivity was
not calibrated. DL was used as the unit of temperature in this study. In infrared thermography, we
focused on the temperature difference of the defective region and non-defective region, instead of the
measured temperature values. The temperature values may change in different experiments due to
the heating conditions and ambient temperature change [50,51]. However, our repeated experiments
under the proper heating energy and data acquisition time setting showed that the difference between
the defective area and the non-defective area are always detectable.
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Figure 3. PT results: (a) raw thermal image at 180 s in transmission mode and (b) temperature change
over time at non-defective area and defects A, C, and D.

Data was processed by PCT and PPT. The third empirical orthogonal function obtained by PCT
appears in Figure 4a. Defects A, C and D were detected. The honeycomb structure was also seen.
A PPT result is shown in Figure 4b, in which the same features can be seen.
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Figure 4. Result images after data processing: (a) Third empirical orthogonal function by principal
component thermography (PCT) in transmission mode; and, (b) Phasegram by pulsed phase
thermography (PPT) at f = 0.014 Hz in transmission mode.

In contrast to the reflection mode, the transmission mode lost depth information. However, for
the thick or low thermal conductivity samples, the transmission mode is recommended.

Defect B was not detected by either PT (Figures 3 and 4) or AU. The latter technique was
conducted to identify and confirm the defects found by the techniques previously described (Figure 5).
A comparison of defects A and C with the healthy state appears in Figure 6. The pulser and receiver
distance was always carefully kept constant for the measurements between the healthy and the defected
state. In the measurements of defects A and C, and the healthy area, the two sensors were kept
45 mm apart (Figure 5). In each position at least 15 AU waveforms were recorded. The differences in
each defect with the undamaged region were quantified after the extraction of several characteristic
parameters from the AU signals.
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Parameter mean values were calculated. Figure 6 shows signal strength and count-to-peak
differences. Defects A and C were geometrically similar but entailed sponge material of different
densities to simulate different foreign inclusions. The different density changed the acoustic impedance
of each defect changing and, in turn, the characteristics of the interaction with the propagating plane
wave. So the signal strength and counts-to-peak were different than for defect A and defect C.
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For the assessment of defect D compared to the non-defective measurements assessments appear
in Figure 7. The distance of pulser and receiver was kept 40 mm apart in the measurements of defect
D and healthy area. Figure 8 shows signal strength and count-to-peak differences of defect D and
healthy area.
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Regarding the difference between different healthy areas, in terms of signal features (signal strength
and counts to peak), this is due to differences in the distance between the pulser and the receiver.
It should be noted that the signal strengths and counts-to-peak values may change in different
experiments, due to the differences in the distance between the pulser and the receiver. However, our
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repeated experiments show that AU can always detect the difference between the defective area and
the non-defective area.

6. Conclusions

This study used IRT and AU to evaluate a complex sandwich structure sample. It is concluded that
IRT and AU are well-suited for NDT of a complex sandwich structure using a bonded alumina layer.

It was possible to detect perforated honeycomb cells, ϕ = 5 mm in diameter, of two sponges
covered by Teflon, defects A and C, using IRT and AU. Integrating and applying these techniques
assists in identifying the greatest number of two kinds of defects, including inclusion and missing
material. All these considerations provide a hint of the complementarity of these two techniques for
the NDT of materials.

This study qualitatively compared the capability of PT and AU on ceramic-coated sandwich
structures detection. Further research will be carried out to quantitively compare the reliability of
detection of PT and AU using probability of detection analysis. Moreover, in order to obtain repetitive
signal feature values and facilitate scanning, we will fix the pulser and receiver in given mounting
points on a holder in the real inspection.
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