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ABSTRACT

Pulsed thermography is a contactless and rapid non-destructive evaluation (NDE) technique that is
widely used for the inspection of fibre reinforced plastic composites. However, pulsed thermography
uses expensive and specialist equipment such high-energy flash lamps to generate heat into the sample,
so that alternative thermal stimulation sources are needed. Long pulse thermography was recently
developed as a cost-effective solution to enhance the defect detectability in composites by generating
step-pulse heat into the test sample with inexpensive quartz halogen lamps and measuring the thermal
response during the material cooling down. This paper provides a quantitative comparison of long
pulse thermography with traditional pulsed thermography and step heating thermography in carbon
fibre and glass fibre composites with flat-bottomed holes located at various depths. The three
thermographic methods are processed with advanced thermal image algorithms such as absolute
thermal contrast, thermographic signal reconstruction, phase Fourier analysis and principal
component analysis in order to reduce thermal image artefacts. Experimental tests have shown that
principal component analysis applied to long pulse thermography provides accurate imaging results
over traditional pulsed thermography and step heating thermography. Hence, this inspection
technique can be considered as an efficient and cost-effective thermographic method for low thermal

conductivity and low thermal response rate materials.
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1. INTRODUCTION

Active Infrared (IR) thermography is a contactless non-destructive evaluation (NDE) technique
that has been developed in the early 1980s for the inspection of damaged components [1], [2], [3].
Nowadays, it is widely used at both research and industrial level due to its capabilities to perform
remote inspection on large surfaces in a rapid and reliable way. Optical heaters are typical thermal
excitation sources for IR thermography, although ultrasonic waves [4], [5], [6], [7] eddy currents [8],
[9], [10], microwaves [11] and thermoresistive heating have also been recently used to generate heat
in the test component [12], [13]. Among IR thermographic methods, pulsed (or flash) thermography
(PT) is widely used in composite materials [14], [15], [16]. In PT, short duration flashes (ranging
typically between 0.1 and 50 ms) are applied to the sample under inspection and the resulting thermal
gradients at the sample’s surface are measured with an IR camera in order to visualise the material
damage. PT is particularly suitable in the presence of air gap caused by either near surface or internal
defects (e.g. delamination), which prevents the heat flaw to propagate from the surface into the
laminate bulk. However, PT is still limited by expensive thermographic equipment such high-energy
flash light sources. For example, commonly used flash systems such as the TWI Thermoscope and
the EH Pro 6000 HENSEL Studiotechnik lamps require more than 5 kW of power to generate 12 kJ
[17] and 6 kJ [18] of energy, respectively. Moreover, the short duration of the thermal pulse applied
to the composite material may not be sufficient to illuminate the damage, especially for deep-lying
defects. Hence, alternative optical heat stimulation sources for thermography have been used in recent
years. Periodic heating with a sinusoidally modulated tungsten-halogen flood lamp is employed for
lock-in thermography [19], whereas non-stationary forms of thermal excitation are used for frequency
modulated thermography [20]. Nevertheless, these thermographic techniques require powerful
amplifiers and specialist equipment for accurate thermal excitation. A different and cost-effective
solution would be to apply a step-pulse heat source with inexpensive 500 W quartz halogen lamps for
a long period, typically seconds, thus enabling sufficient heat to illuminate the damage. This
technique, known as step-heating thermography (SHT) [21], consists of measuring thermal signals
directly during the application of the step-pulse [22], [23]. The main advantage of SHT is the high
sensitivity to defects in low thermal conductivity and low thermal response rate materials such as

carbon fibre (CFRP) and glass fibre (GFRP) reinforced plastic composites. In addition, SHT does not



require accurate synchronization of the thermal excitation with the IR acquisition system [24].
Almond et al. [25] recently proposed long pulse thermography (LPT) that uses step-pulse heat as in
SHT but, in LPT, thermal images are measured during the cooling phase of the test piece after the
thermal excitation. The authors tested LPT on both metallic and composite specimens by analysing
the raw thermal data and compared its detection performance with PT. They found that the intensity
of thermal excitation (i.e. the energy density) produced by LPT was higher than that achieved with
PT.

However, to date, a quantitative comparison of the damage detection performance of LPT against
PT and SHT for fibre-reinforced composites by using the state-of-the-art of signal processing
algorithms for thermal data is still missing. Advanced post-processing techniques are reported for
optical IR thermography such as Absolute Thermal Contrast (ATC), Thermographic Signal
Reconstruction (TSR), Phase Fourier Analysis (PFA) and Principal Component Analysis (PCA) [26],
[27], [28], [29], [30]. These data processing methods have shown to provide enhanced detection and
quantification of material damage in the presence of thermal image artefacts caused by non-uniform
heating of the test surface, anisotropic diffusivities and additive noise such as environmental
reflections and emissivity variations [31].

This paper presents a quantitative experimental analysis of LPT for the assessment of material
damage in both CFRP and GFRP composite laminates. LPT is here compared with PT and SHT in
combination with the four above mentioned data processing techniques. It was found that for fibre
reinforced polymer specimens, LPT provides great advantages over traditional heating methods,
especially with PCA processing. The overall structure of this paper is as follows: the post-processing
methods of thermal data are presented in Section 2. The experimental set-up and thermal excitation
processes are summarized in Section 3. Section 4 provides the experimental thermal results of CFRP

and GFRP test samples. Finally, the conclusions are outlined in Section 5.

2. POST-PROCESSING METHODS OF THERMAL DATA

Various image post-processing algorithms have been developed to analyse thermal data recorded
by the IR camera and enhance the quality of thermal images for damage detection. The principal
objectives of image processing are the identification of hot spots and the extraction of damage features.
A brief description of the four signal processing methods used in this paper, namely ATC, TSR, PFA

and PCA, is provided in the following sub-Sections.



2.1 Absolute Thermal Contrast
Absolute thermal contrast (ATC) is the most commonly used signal processing technique to

enhance the contrast of surface temperature between a sound (undamaged) area and a defect area.

The absolute thermal contrast C; ;;(t) is defined as [32]:

Crij) () = Tiy 1y () = Ty (D), (1)
where Tj; jj(t) is the temperature at time #, Tsy; jj(t) is temperature of a sound area as result of

calculating the average temperature of the specimen surface in various pixels, and [i,j] is the spatial
location of a generic pixel (either defective or not) within the field of view of the IR camera. ATC

was here applied to LPT, PT and SHT.

2.2 Thermography Signal Reconstruction

The Thermography signal reconstruction (TSR) technique was originally developed for PT in
order to process each pixel’s time history from the thermographic image sequence. TSR is based on
the assumption that temperature profiles for non-defective pixels should follow the approximated
one-dimensional (1D) solution of the Fourier equation in its logarithmic form [33]. However, to fit
the approximated solution, the logarithmic time response is linearized with the following n-th degree
polynomial function:

In(Tj; 1) = ao + a1 In(t) + a;[In(®)]? + - + a,[In(®)]", (2)
where, similarly to Eq. (1), Tj; ;; is the temperature increase as a function of time for each pixel [4, /]
and aql[i, ], a1[i,]], -.-an[i,j] are the polynomial coefficients. The choice of the optimal degree of
the polynomial function was found to be up to the seventh degree [34]. Both first time- and second
time-derivatives achieved directly on the polynomial provide a higher signal-to-noise (SNR) ratio
and enhance damage detectability [35], [36]. Similarly to the absolute thermal contrast method, TSR

was applied to LPT and thermal results were compared with PT and SHT.

2.3 Phase Fourier Analysis (PFA)
Phase Fourier Analysis (PFA) (e.g. Pulsed Phase Thermography) is widely used to produce phase
images from thermal data [31]. In PFA, each thermal signal is transformed from the time domain to

the frequency one using the well-known discrete Fourier transform (DFT) [37]:



E, = At YNZ3 T(kAt)exp — % = Re, + Im,,, (3)

where j =+ —1 is the imaginary number, n is the frequency increment (n = 0,1, ..., N), At is the

sampling time interval and Re and Im are the real and imaginary part of the Fourier transform,
respectively, with the phase ®n = tan'(Im,/Re,). The phase image (phasegram) is particularly of
interest for LPT, PT and SHT as it is less affected by non-uniform heating, environmental reflections

and emissivity variations.

2.4 Principal Component Analysis (PCA)

Signal decomposition by time-frequency and time scale representation is an essential element of
the thermal signal analysis. Standard Fourier transform, as in PFA, expresses any arbitrary periodic
function of time as the sum of a set of sinusoids. Hence, the characteristics of non-stationary
monotonic signals as in PT or LPT may potentially be hindered [38]. The principal component
analysis (PCA) is a multivariate signal processing technique that can be considered as an alternative
to PFA and it is used to reduce the dimension of acquired thermal signals by projecting the original
data onto a system of orthogonal components [39], [40]. In this manner, desirable signal features can
be extracted from the thermal image sequence and undesirable noise effects can be filtered out. The
thermal image sequence is a three-dimensional (3D) image matrix, A, consisting of P image frames

with M X N pixels per frame, which is defined as follows:

agp o gy

4, =

], p=12,..,P. 4)

ay1 - Aun

In order to apply the PCA, a vectorisation operation is initially performed to convert the 3D matrix
A, into a two-dimensional (2D) sample vector X. Such a vectorisation is achieved by stacking each
image frame by column

Xp = (a1 ap ceapyrayy)’, p=12,..,P (5)
and by combining the new P sample vectors X, into the sample matrix X of dimensions [MN X P]:

X = (X1, Xz, Xp). (0)

According to Rajic [39], a normalisation operation is performed on the matrix X in order to reduce
side effects caused by uneven heating and noise from the surrounding environment. Such a
normalisation process is accomplished by subtracting from each column of the matrix X the mean

value X, and calculating the covariance matrix X of dimensions [MN X MN]:



-~ 1 —_ —_
X = P §=1(XP -X) (xp —X)7, (7)
with X, = 1/P ZS=1(X p). Once thermal data are normalised, a singular value decomposition (SVD)

operation is performed on the covariance matrix to calculate the principal components as follows:
X =Usv". (®)

In the SVD process of Eq. (8), the matrix U consists of orthogonal functions representing the
spatial variations of the thermal data set. Each column of U provides the coordinates of thermal
signals in the space of principal components. The matrix S is a diagonal matrix with singular values
on its diagonal that are arranged in a descending order. These singular values in S are the nonzero
square root of the eigenvalue X”X for the corresponding eigenvectors in the matrix V. The first three
columns of matrix U are known as empirical orthogonal functions (EOF),

U; = (ug; Upi- umn)” =123 )
and represent nearly 80% to 90% of the variation of the measured thermal data associated with the
spatial variation of the material defect. Hence, these vectors are used in the PCA process to rebuild

the final spatial image matrices B; associated with the first principal components as follows:

Ui Upm+1i 0 UW-1)M+1,i
Uzi Upmt2i 0 UN-1)M+2,i .

Bl = : : . : L= 1,2, 3. (10)
Upi Uy o UmN,i

3. EXPERIMENTAL TESTS
3.1 Experimental Set-up

Two composite plates with flat-bottomed back-drilled hole defects were tested in order to provide
a quantitative assessment of LPT in combination with the four above mentioned signal processing
techniques. Flat bottom holes were here investigated as they allow simulating either in-plane
delamination defects or material loss damage [41]. The first sample was a carbon fibre reinforced
plastic (CFRP) composite of dimensions 150 mm x 100 mm x 7.3 mm. Eight flat-bottomed holes
were drilled with a constant diameter, D, of 6 mm at various depths, d, ranging between 0.8 mm and
2.5 mm. The second specimen was a glass fibre reinforced plastic (GFRP) laminate with dimensions
of 150 mm x 100 mm x 3 mm. Twelve flat-bottomed holes were drilled with three sets of diameters
(2.5 mm, 5 mm and 10 mm) at four depths (i.e. 0.5 mm, 1 mm, 1.5 mm and 2 mm, respectively).
Figure 1 illustrates the location of defects and their diameters within each laminate and Figure 2

shows the photographs of the test specimens. No further information was provided by the



manufacturer about the lay-up of composite samples.
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Figure 2. Real flat-bottomed hole defects in the GFRP (a) and CFRP (b) test specimens.

For the PT experiments, a 6 kJ Xenon EH Pro 6000 HENSEL Studiotechnik flash lamp was
driven by a Hensel TRIA 600 S generator in order to produce a 5 ms width heating pulse. In agreement
with Almond et al. [24], such a flash lamp excitation system is capable of delivering an energy density
of ~3 kJm™ when located at a distance of ~30 cm from the surface of the test sample. For the LPT
and SHT experiments, a pair of 1 kW quartz halogen lamps were used, which are capable of delivering
a power density of ~2kWm™. The heating period was controlled by two drop plate shutters capable
of shielding the test piece from the lamps’ residual infrared emissions (afterglow effect) after they
were switched off. These shutters were elastically accelerated and closed within the IR camera time

frame. The IR camera was a CEDIP (now FLIR) Jade MWIR 3-5 um camera with a focal plane array



size of 320 x 240 pixels and a sensitivity of 20 mK (NEDT). As in the general practise of flash
thermography, no shutters were used in PT tests. The experimental set-ups of the three thermographic

methods are shown in Figure 3.

Infrared camera
'

Infrared camera

Figure 3. Experimental set-up for PT (a) and for both SHT and LPT (b).

In the LPT and PT experiments, the camera recorded the infrared thermal images during the
cooling period at a rate of 50 images per second and an integration time of 400 ps. For the SHT tests,
the camera acquired images during the heating period at the same rate and integration time. The 3D
images of thermal signals were post-processed with user interface algorithms developed in MATLAB
software. In all thermographic tests, the IR camera was placed opposite to the specimen under
investigation at a distance of ~30 cm. The two lamps in the SHT and LPT tests were located on both
sides of the camera at an angle of 45° from the specimen. This position of lamps allowed reducing

thermal reflections into the camera, thus enhancing the quality of measured data.

3.2 Thermal Excitation Process

As reported in Section 3.1, a 5 ms flash heat pulse was transmitted in PT tests and the IR images
were recorded after the pulse for 30 s. Similarly to Almond et al. [24], a 7 s long pulse heat was used
in both LPT and SHT. Whilst in LPT the IR camera acquired the thermographic image sequence for
30 s (cooling time) after shutters were switched off, in SHT, the IR camera recorded the images during
the heating period (i.e. up to 7 s). Figure 4 shows the temperature profile of a pixel in the image
sequence during both the heating and cooling phases of SHT and LPT. The background temperature
(or the initial temperature) of the test specimen is shown as the point A in Figure 4, whereas the point

B corresponds to the end of the step-heating phase (i.e. the point when the maximum temperature is



reached). After heating, the temperature profile begins to decrease and then settles at a temperature

C.
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Figure 4. Temperature profile of the thermal imaging process for both LPT and SHT.

4. EXPERIMENTAL RESULTS

Thermographic experiments of LPT, SHT and PT were carried out on the GFRP and CFRP specimens
with the same procedures and data analysis techniques. The recorded raw images were then post-
processed in order to evaluate the damage detection performance of LPT against traditional optical
thermographic methods. In the following thermal image results, the detected defects are plotted by
solid lines and the undetected ones are shown by dashed lines. With reference to Section 2, four signal
post-processing techniques were here investigated. The ATC method was computed by calculating
the difference between the surface temperature of the defect and sound areas. The TSR processing
was applied to all raw sequences by using up to the 7" degree of logarithmic polynomial coefficients
a,(n=0,1,---,7) in Eq. (2). In PFA, IR thermal signal data were computed using the 1D Fourier
transform in order to enable the thermal phase information and enhance the visibility of deeper defects
by suppressing uneven heating effects [42]. Finally, in the PCA method, the raw data were compressed
to create new 2D images matrices using the second and third principal components by reconstructing

the final spatial image matrices B> and B3 in Eq. (10), respectively.

4.1 Thermographic Results on the GFRP Composite
Figure 5 compares raw thermographic sequences obtained during the cooling phase for PT and
LPT at three different times (5 s, 15 s and 25 s, respectively). As the cooling time increased, the defect

signatures of both PT and LPT vanished, with LPT capable of revealing more defects than PT. For



example, at time ¢ = 5s, seven defects (i.e. four with 10 mm diameter and three with 5 mm diameter)
were detected with LPT, whereas only two with the diameter of 10 mm were visible with PT [Figure
5(a)-(b)]. With reference to Almond et al. [24] and Krankenhagen and Maierhofer [18], these results
can be explained by the higher excitation energy achieved by LPT in comparison with that of PT.
Indeed, whilst the PT excitation system provides an overall energy density of ~3 kJm™, the power
density of the LPT achieved with two quartz halogen lamps is ~2kWm™ that, for 7 s excitation,
corresponds to a total long pulse excitation energy of ~14kWm™. As it can be seen from Figure 5,
with simple raw data (i.e. with no post-processing technique applied), LPT was found to be more

effective than PT in a low thermal conductivity and low thermal response rate material such as the

GFRP laminate.
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Figure 5. PT and LPT raw images of GFRP tests obtained at the time =5 s (a) - (b), t=15s(c) - (d) and £ =25 s (e) -



(f) after heating. Detected defects in the images are plotted by solid lines and the undetected ones are shown by dashed
lines.

Figure 6 presents the raw sequence data of SHT during the heating step-pulse of 7 s. At the time
t =1 s, only one defect with diameter of 10 mm was detected, whereas seven flaws (i.e. three with D
=10 mm, two with D = 5 mm and two with D = 2.5 mm) became visible at t = 7 s. Hence, whilst in
PT and LPT tests associated with the thermal cooling of the sample, the earliest times revealed more

detectable defects, in SHT tests, instead, later heating times were used for damage assessment.
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Figure 6. SHT raw images of GFRP tests obtained at the heating time of 1 =1 s (a), =15 s (b) and £ =7 s (c). Detected

defects in the images are plotted by solid lines and the undetected ones are shown by dashed lines.

Figure 7 shows the raw apparent temperature (in digital level) measured on defect pixels (with
different diameters of the flat-bottomed holes) and on the sound area pixel with PT, SHT and LPT.

The central point of the damage was used to generate thermal histories.
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Figure 7. Time history of the apparent raw temperature data (in digital level) of PT (a), SHT (b) and LPT(c) for the GFRP
sample. The heating time for PT is 5 ms, whereas for both SHT and LPT is 7 s. The depth of flat-bottomed hole defects
was set constant at 1 mm.

Figure 8 shows the image results of post-processing techniques applied to PT, SHT and LPT,
whereas Table 1 reports the total identified defects by each signal processing method on the GFRP
sample. The four post-processing techniques enabled great advantage over the raw data images for
the detection of material defects (see Figures 5 and 6), as they allowed revealing the presence of all
flat-bottomed holes with 10 mm diameters. Only defects with small diameters and in-depth location
were difficult to detect. As a result of comparison tests, the proposed LPT was more sensitive to small
and in-depth damage than PT and SHT. Moreover, the image results of Figure 7 and Table 1 illustrated
that PCA applied to LPT was the only technique capable of identifying eleven defects (out of twelve).
For the PCA analysis, only the thermal results achieved with the second EOF represented by the
matrix B> were displayed. The phasegrams obtained with PFA technique showed, instead, that this
signal processing method was more effective with PT at the thermal frequency of 0.06 Hz, whilst
TSR performed better with SHT and LPT. For the implementation of TSR, the third degree of

logarithmic polynomial coefficients was used for PT and LPT, whilst the fourth degree was employed



for SHT.
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Figure 8. Signal processing methods applied to PT, SHT and LPT on the GFRP sample. The ATC images were obtained
at the time =2 s for PT (a), #="7 s for SHT (b) and t =2 s for LPT (c). The TSR images were achieved with the coefficients
a3 for PT (d), a4 for SHT (e) and a3 for LPT (f). The PFA images were obtained at the thermal frequencies of 0.06 Hz for
PT (g), 0.3 Hz for SHT (h) and 0.03 Hz for LPT (i). The PCA images were achieved from the matrix B, associated with
the 2™ principal component for PT (j), SHT (k) and LPT (1). Detected defects in the images are plotted by solid lines and

the undetected ones are shown by dashed lines.

Tab.1. Summary of detected defects in the GFRP specimen.

Post-processing Methods PT SHT LPT

Raw Data Images 2 2xD=100mm 7  4xD=10.0mm 7 3xD=10.0 mm



0xD=5.0mm 3xD=5.0mm 2xD=5.0mm
0xD=2.5mm 0xD=2.5mm 2xD=2.5mm
2xD=10.0 mm 3xD=10.0 mm 4xD=10mm
ATC 1 xD=5.0mm 2xD=5.0mm 7 3xD=5.0mm
0xD=2.5mm 1 xD=2.5mm 0xD=2.5mm
3xD=10.0 mm 4xD=10.0 mm 4xD=10.0 mm
TSR 2xD=5.0mm 3xD=5.0mm 8 4xD=50mm
1xD=2.5mm 1 xD=2.5mm 0xD=2.5mm
4xD=10.0 mm 3xD=10.0 mm 3xD=10.0 mm
PFA 4 x D=5.0mm 2xD=5.0mm 6 2xD=50mm
0xD=25mm 1 xD=2.5mm 1xD=2.5mm
4xD=10.0 mm 4xD=10.0 mm 4xD=10.0 mm
PCA 3xD=5.0mm 2xD=5.0mm 11 4xD=5.0mm
2xD=2.5mm 2xD=2.5mm 3xD=25mm

It should be finally noted that the ratio “defect depth/diameter” is commonly used as an indicator for
the accuracy of optical IR thermography concerning defect dimensions and in-depth location [43].
Generally, damage becomes difficult to be detected if this ratio is = 1. As illustrated in Figure 1, the
ratio of depth/diameter of the GFRP sample ranged between 0.05 and 0.8 and the only undetectable

defect with LPT and PCA was the flat-bottomed hole with depth/diameter ratio equal to 0.8.

4.2 Thermographic Results on the CFRP Composite

Figure 9 compares the raw thermographic sequences obtained with PT and LPT tests on the CFRP
sample. This specimen has larger thickness than the GFRP sample examined in Section 4.1 and has
higher thermal effusivity. By analysing only raw images, no defects were detected with PT as the
energy density on the CFRP sample’s surface obtained with the optical flash was not sufficient to
generate thermal gradients at the damage location above the sensitive limit of the IR camera. At early
times (5 s) after the long pulse excitation, LPT was the only technique able to reveal three out of eight
defects with depths d = 0.8 mm, d =1 mm and d = 1.2 mm [Figure 9(b)]. As the cooling time increased,
the propagation of thermal waves within the specimen became uniform and no further defects could

be identified.
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Figure 9. PT and LPT raw images of CFRP tests obtained at the time 1 =5 s (a) - (b), t=15s(c) - (d) and t =25 s (e) -
(f) after heating. Detected defects in the images are plotted by solid lines and the undetected ones are shown by dashed

lines.

In the case of SHT shown in Figure 10, later heating times were used in the raw images to retrieve
thermal differences between pixels on defect and non-defect areas. Particularly, at the time t =7 s,

only the defect with depth d = 0.8 mm was detected [Figure 10(c)].
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Figurel0. SHT raw images of CFRP tests obtained at the heating time of #=1 s (a), =15 s (b) and r =7 s (c). Detected

defects in the images are plotted by solid lines and the undetected ones are shown by dashed lines.

Similarly to Figure 7, Figure 11 depicts the raw apparent temperature (in digital level) measured on
the defect pixel (with different diameters of the flat-bottomed holes) and on the sound area with PT,
SHT and LPT for the CFRP test sample.
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Figure 11. Time history of the apparent raw temperature data (in digital level) of PT (a), SHT (b) and LPT(c) for the
CFRP sample. Similarly to Figure 7, the heating time for PT is 5 ms, whereas for both SHT and LPT is 7 s.

Post-processing techniques of thermal data were necessary on the CFRP specimen to reveal the
presence of more defects. The processed images are shown in Figure 12 and the total number of
detected defects is reported in Table 2. Similarly to the GFRP sample, the ATC technique provided
little advantage compared with raw data images as only three flat bottomed holes were identified with
LPT, only one damage was detected with SHT and no defects were visualised with PT. Unlike the
GFRP sample, the phasegrams of PFA revealed more defects with SHT and LPT (four flaws at the
thermal frequencies of 0.6 Hz and 0.03 Hz, respectively) than PT (three damages at the thermal
frequency of 0.03 Hz). TSR results showed that six flaws were detected with LPT and only four with
SHT using the third degree of the logarithmic polynomial coefficient. The performance of TSR was,
instead, fairly poor with PT, for which the second degree polynomial coefficient provided the imaging
of a single flat-bottomed hole. PCA, conversely, allowed detecting four defects with PT and all eight

flat-bottomed holes with LPT by using the third principal component represented by the matrix Bs.
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Figure 12. Signal processing methods applied to PT, SHT and LPT on the CFRP sample. The ATC images were obtained
at the time =2 s for PT (a), =7 s for SHT (b) and =2 s for LPT (c). The TSR images were achieved with the coefficients
ay for PT (d), a3 for SHT (e) and a; for LPT (f). The PFA images were obtained at the thermal frequencies of 0.03 Hz for
PT (g), 0.6 Hz for SHT (h) and 0.03 Hz for LPT (i). The PCA images were achieved from the matrix B; associated with
the 3™ principal component for PT (j), SHT (k) and LPT (1). Detected defects in the images are plotted by solid lines and

the undetected ones are shown by dashed lines.

Tab. 2. Summary of detected defects in the CFRP specimen.

Post-processing Method PT SHT LPT
d=0.8 mm
Raw Data Images 0  No defects 1 d=08mm 3 d=1.0 mm
d=1.2mm
d=0.8 mm
d=1.0 mm
ATC 0  No defects 1 d=08mm 4
d=1.2mm
d=1.6 mm

TSR 1 d=08mm 4 d=0.8 mm 6 d=0.8 mm



d=1.0mm d=1.0mm

d=12mm d=12mm
d=1.6 mm
d=1.6 mm d=1.9mm
d=2.1mm
d=0.8 mm d=0.8 mm d=0.8 mm
d=1.0mm d=1.0mm d=1.0mm
PFA 3 4 4
d=12mm d=12mm
d=12mm
d=1.6 mm d=1.6 mm
d=0.8 mm d=0.8 mm
d=1.0mm
d=1.0mm
PCA 4 3 8 All defects
d=12mm d=1.2mm
d=1.6 mm

As shown in Figure 1, the ratio of depth/diameter of the CFRP sample ranged from 0.13 to 0.42 and
all defects in the CFRP specimen were detected. Hence, LPT with PCA can be considered as a valid
alternative to standard optical IR thermography in low thermal conductivity and low thermal response
rate materials such fibre reinforced polymer composites. Indeed, this technique requires less
expensive quartz halogen lamps than specialist 6 kJ flash lamps used in PT (~100 times cheaper [25])

and it does not require accurate synchronization of excitation and IR imaging.

5. CONCLUSIONS

This work presented the damage detection performance of long pulse thermography over traditional
step heating and pulsed thermography in damaged CFRP and GFRP composite laminates. Preliminary
raw thermographic images showed that the long pulse heating technique was more effective in
retrieving flat bottomed hole defects with various diameters and in-depth location. Four post-
processing techniques, including absolute thermal contrast, thermographic signal reconstruction,

phase Fourier analysis and principal component analysis, were also applied to the three thermographic



techniques in order to enhance the quality of the defect image and reduce noise effects. Experimental
results revealed that the highest damage detection performance was achieved by principal component
analysis and long pulse thermography. In particular, only one defect with a depth/diameter ratio equal
to 0.8 could not be detected on the GFRP test sample, whereas all material flaws at various in-depth

location were identified on the CFRP specimen.
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