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Abstract

The ability of thermography to detect defects in composite materials has been demonstrated and
showed in various works and in many applications. In this regard, various NDT techniques are
currently used for defect detection in composites such as Lock-in Thermography (LT), Pulsed (PT)
Stepped Thermography (ST/SH), all of which have their own peculiarities and capabilities. A
critical aspect concerns the overall lengthy time required for testing and analysis of thermographic
data above all, for large structure where it is necessary a scanning approach. In this work, two
algorithms based on the stepped thermography approach were investigated in quantitative way with
the aim to optimizing the testing parameters and data analysis in terms of testing time and signal to
noise ratio. In particular, several tests were carried out on a sample specimen with simulated defects

and the well-established lock-in thermography technigque has been used as comparison.

Keywords: GFRP; Stepped thermography; Lock-in thermography; Non-Destructive Testing.

1. Introduction

Composite materials, thanks to their high strength to weight ratio, are widely used for
manufacturing large structures and components and in this regard, many examples can be found in
different engineering fields from boating-yachting to aeronautical or aerospace. As clearly
demonstrated in the literature [1], the presence of defects can dramatically change the strength of
the structure and so, non-destructive techniques play a key role for estimating the residual strength
of structures or components.

Many NDT techniques are currently used for defect detection in composites such as X-ray [2],
ultrasound [3-6], shearography [7], vibration testing [8] and electrical potential technique [9] and in
many applications a combination of them is necessary to identify different kinds of defects to
quantify.

In the case of large structures, a rapid and easy inspection of components is required in order to

reduce the time of the ordinary maintenance and thus to limit the costs. In this regard, it is very
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important to develop automatic procedures and algorithms for data analysis in order to obtain more
quickly the quantitative characterization of defects.

Stimulated thermography presents peculiarities suitable for investigation of large areas since it does
not require the coupling with the component, is easily automatable and the testing time is relatively
shorter with respect to other traditional well-established NDT techniques.

With regards of testing setup and data processing, the most diffused thermographic techniques for
the non-destructive evaluation of composite materials are: Lock-in Thermography (LT), Pulsed
(PT) and Stepped Thermography (ST/SH) [10-15]. All of them uses a surface or volumetric [16]
heat source to stimulate with thermal waves the material in order to induce a heat flux in the
material and analyse the temperature behaviour on the surface of the component. The main idea,
common with all thermographic techniques is that a defect inducing different thermophysical local
properties in the material, will induce also an anomaly in the thermal diffusion and then a different
surface temperature of the component. In fact, these techniques look for areas of different thermal
behaviour that can be correlated to a defect and that are typically dependent by different thermal-
physical properties involved in the heat transmission phenomena such as the thermal conductivity,
the specific heat at constant pressure and the density of material [10].

All the cited IR techniques have been used in various works and in many applications,
demonstrating the ability of thermography to detect defects in CFRP and GFRP composite
materials. In particular, these techniques are effective in the evaluation of interlaminar
delaminations or debonds, and any kind of flaws parallel to the external surface.

Thermographic techniques have been used in combination with other NDT techniques to investigate
defects in adhesively bonded components [17-21] while, many applications concern the
investigation of composite material subjected to impact damage [12], [22] or dynamic loads [23],
[24].

At the same time, different algorithms were developed in literature for analysing thermographic
data and to detect defects. Different approaches were also used for lock-in thermography with the
aim of reducing testing time. In particular, in the works of Palumbo [25] and Pitarresi [26], [27] a
modulated heat source has been used for stimulating the specimen in a desired range of frequencies
and extracting information about the simulated defects. A theoretical basis for describing this
approach has been provided in the work of Mulaveesala et al., [28] where in a single test, hidden
Teflon patches at various depths were detected. Algorithms associated with PT technique are
summarized in [29] and here we can cite some of them, in particular: The Thermographic signal

reconstruction [30], [31] and the Polynomial fitting [32].



In the work of Palumbo et al. [25] two parameters, the slope (m) and the linearity (R2) evaluated
during the cooling semi-cycle of the first cycle of lock-in test, were taken into account to
characterize defects behaviour. These parameters provide results in good agreement with the lock-in
technique and seem capable to detect deeper defects even if with a higher level of noise. However,
the results obtained in [25] with this approach were still not optimized in terms of testing time and
signal to noise ratio. In this regard, in this work, the attention has been focused on the testing and
processing parameters that affect the defect detection and estimation with the two parameters (m)
and (R2). In particular, several tests have been carried out on a sample GFRP specimen with the
aim to investigate both the effect of the heating time and the length of the cooling acquired
sequences on the signal contrast.

Moreover, a quantitative data analysis has been performed by means of a semi-automatic algorithm,
capable to discern defected from sound areas by means of two different approaches.

Finally, a quantitative comparison with the classic lock-in thermography technique is also provided.
2. Theory and proposed method
2.1 Stimulated Thermography: Pulsed and Lock-in thermography

Stimulated or active thermography needs an external heat source to stimulate the materials for
inspection. Pulsed (PT) and Lock-in Thermography (LT) are the techniques most used in literature
and they differ in the method used for heating the material.

Pulsed Thermography employs a short thermal stimulation to produce a thermal perturbation within
the material [10]. The presence of a defect can be revealed by monitoring the surface temperature
decay of the specimen. In fact, the defect appears as an area of different temperature with respect to
a surrounding sound area and it produces an abnormal behaviour of the temperature decay curve.

As known [33], the presence of a defect at depth d alters the temperature decay at the surface T(t),

whose analytical formulation is:

Q < n 2 d2
T(t)=——=—|1+2) R exp(—n —]
A f ﬂ'kat n=1 at (1)

where p is the mass density, c is the heat capacity, k is the thermal conductivity, « is the thermal
diffusivity, Q is the source energy transferred to the surface and R is the reflection coefficient of the

discontinuity.



Lock-in thermography is based on the generation of thermal waves inside the specimen, for
example, by periodically exciting the specimen surface [10]. The resulting oscillating temperature
field in the stationary regime can be recorded remotely through its thermal infrared emission by an
IR camera. Thermal wave can be reconstructed by measuring temperature evolution over the
specimen surface: by a suited algorithm, information about magnitude (A) and phase (¢) of the
thermal wave can be obtained.

Phase data are relatively independent of local optical and infrared surface features and phase signal

allows deeper penetration into the material than the analysis of the amplitude signal [10].

2.2 Stepped thermography: cooling analysis

As already explained in the section 2.1, under several hypotheses, the temperature trend can be
described by the eq. 1, in the case of a Dirac pulse. Eq. 1, can be considered still valid also for finite
short pulse duration. This approximation is still valid if the thermal wave does not reach the defect
during the heating. So, a pulse duration of 5 seconds could be enough to consider eq. 1 still valid for
a composite material but, the same pulse could be too long for high diffusivity materials such as
aluminium.

Generally, in literature, the temperature rising process is studied to obtain information about the size
and depth of defects [31]. The proposed approach is based on long heating pulsed and the
investigation of the cooling curve. Unlike the pulsed approach, during the step heating, the thermal
wave reaches the defect during the heating phase. This latter represents an obstacle at the normal
heat diffusion so, the material before the defect will be warmer than the sound one. It follows that
the temperature in defected area will be higher than in the sound one and then the defect will
already appear during the heating (Figure 1). In similar way to the pulsed approach, the difference
in temperature reached during the heating and the following cooling behaviour will depend on the
different thermo-physical properties between defect and sound. In particular, the cooling of sound
material follows the Newton’s law [34] (exponential decreasing for homogeneous materials) while,
defect area presents a different cooling rate and a departure from log-linearity with respect to the
sound/homogenous material. In particular, the defect that is warmer than the sound material at the
end of heating, exchanges heat for conduction and convention (in the case of flat bottom hole) more
quickly than the sound. It follows a high cooling rate of defects with respect to the sound.

In Figure 1, a schematic representation of the pulsed and stepped approach is reported. In this
regard, in this work, 2 indexes were used to describe the cooling behaviour of the material: the
slope (m) and the R2. These latter can be used both for pulsed and stepped thermography. The R2



parameter calculation is implemented in the software IRTA [35]. In the case of a simple linear
regression, R2 equals the square of the Pearson correlation coefficient between the observed and
predicted data values of the dependent variable [36].
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Figure 1. Temperature trend in defect and sound area, a) Stepped approach, b) Pulsed approach

3. Material and set-up

A specimen consisting in a plate with simulated defects was manufactured by means of the vacuum
infusion resin process. An epoxy-type (i.e. EC 157 by ELANTAS) resin was employed, reinforced
with a double layer of quadriaxial glass fibre of the type 0°/+45°/90°/-45°, Figure 2. Dimensions
and depth of defects are reported in Figure 1. Thermography tests were performed by IR camera
FLIR A655sc with thermal sensitivity (NETD) < 30 mK and based on a micro bolometer detector
with 640x480 pixels.

The set-up used is shown in Figure 2. Two halogen lamps with a power of 500 W were controlled
by MultiDES® system in order to heat specimens with a series of square waves. The geometrical

resolution obtained is 0.65 mm/pixel.



Thermal data were processed by IRTA® software in order to obtain amplitude and phase images
from lock-in tests, slope m and R2 from the analysis of the cooling curve (Stepped Thermography).

IRTA algorithms [35] for lock-in take into account the thermal transient in the very first cycles. So,
there is no need to reach stationary behaviour of the thermal response of the material to the

excitation source.
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Figure 2. GFRP specimen and experimental set-up
4. Data analysis

4.1 Lock-in thermography analysis

In this work, a modulated square wave has been used as a heat source in order to reduce the testing
time. In fact, as demonstrated in other works [25-27], the thermal response of material contains
information about higher frequencies proportional to the main frequency. By decomposing the

thermal response in time domain as the sum of a singular sinusoidal wave, we can write:

T, (1) = a+bt+ZATn sin(Nat+¢,) 1357, ... )

n=1

where t is the time, a and b are two constants used to model the average temperature growth of the
material, o is the modulated frequency of the main harmonic (first Fourier component), ATn and ¢n

are the amplitude and the phase of n-th Fourier component.



In this work, all the constants were obtained through a least-square fit method by imposing the
model of Eg. (2) to the thermal signal of each pixel and by considering the terms up to n=5. In this

way we can write:

T, () =a+bt+ AT, sin(at + ¢ ) + AT, SIN(Bak + @3) + AT sin(5at + @) (3)

Equation 3 allows us to obtain information about the amplitude and phase signal of high order

excitation frequencies with respect to the main by a single lock-in test.

4.2 Data analysis: proposed algorithm and signal contrast evaluation

Several tests have been carried out as shown in Table 1 and Table 2. In particular, the cooling
analysis of ST technique (slope and R2) has been performed by considering different cooling time
intervals. Each interval has been expressed as % of the total frames acquired during the cooling
phase (cooling time) by considering a fixed start frame, coincident with the frame where the
maximum temperature is reached. As it can be observed from Table 2, it has been considered a

constant fixed ratio of 7:1 between the cooling and heating time intervals.

Table 1.Parameters used for LT tests (acquired 100 frames/cycle).

Modulation Period | Modulation Frequency Heat Number of )
Harmonics (Hz)
(s) (H2) source cycles
0.021; 0.062; | I; III;
48 0.021 square 3
0.105 V;
0.014; 0.042; | I; lI;
72 0.014 square 3
0.069 AV
0.013; 0.038; | I; IlI;
80 0.013 square 3
0.063 V;
0.008; 0.025; | I; I;
120 0.008 square 3
0.042 V;
0.004; 0.013; | I; lI;
240 0.004 square 3
0.021 V;
0.003; 0.008; | I; IlI;
360 0.003 square 3
0.014 V;




450

0.002

square

0.002; 0.007;
0.011

Table 2.Parameters used for ST tests.

Analysis: % of total frames

Heating time (s) | Cooling time (s) | Sample rate (frames/s)
24 168 6
36 252 4
40 280 4
60 420 2
120 840 1
180 1260 1
225 1575 1

5, 10, 15, 20, 30, 40, 50, 60, 70,

80, 90, 100

The combination of test parameters generated a series of results in image format each one

containing 25 virtually significant indications (simulated defects). In this regard, a semi-automatic

algorithm has been developed for analysing the huge number of data.

It is worth noting that the aim of this work is the comparison among data processing methods. So,

the proposed algorithm starts from the knowledge of the defects position (Figure 3) and performs

the quantitative analysis in automatic way. In particular, the Standard Deviation (SD) of the signal

has been used to discern defected areas from sound ones.
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Figure 3. Scheme of the investigation areas, each one including one defect




Figure 3 shows a scheme of the investigation areas used for the analysis of each defect. This
approach allows us to discern in automatic way, defect from sound areas. Figure 4 shows clearly as
SD allows for the defect peak determination in two different cases where the signal of defected
pixels is first higher and then lower than the sound ones. The defect peak position is obtained from
the intersection between the maximum SD value of the signal measured along the rows and
columns of the analysed area. The sound area has been automatically selected by considering the
SD values below one half of the SD peak amplitude in each investigation area.

As example, Figure 5 shows for the area around the defect n.2, the assessment of the sound and the
defected area (36 sec of step heating, 10% of cooling frames) (slope parameter).

The generic signal contrast AS/SD has been calculated as follow:

AS _ mean(Ay) —mean(A)
SD SD(A,) @

where Ad represents the defected area determined by considering an area of 3x3 pixels centred on

peak value of the signal SD and As the sound are obtained as previous exposed.

0.04———.0.18 e 0.08 -03
j /t\ | "

o [0)
e ‘ 2 © =)
» \ T ® =
| | > S
| vw\«
.03 . 0 ol
0 40 0 40
0 . 0 0
|
g ' LS | [
i 60} ! 60 bt 60! /
0 004 0 0 0 0.1
sd sd

Figure 4. Automatic peak defect detection: defect n.2 (on the right) defect n.9 (on the left) both in
36 sec step heating, 10% of cooling frames, not filtered slope map)
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Figure 5. a) SD profiles and b) defect and sound area detected (defect n.2, 36 sec, 10% of cooling

frames) (slope parameter)

Summarizing, the following steps of proposed algorithm allow for the determination of the signal

contrast:

Step.1: Creating of investigation areas:
1. Obtaining slope m and R2 and phase images from IRTA software;
2. Filtering each image by means of the median filter;

3. Extracting ROI from images in order to obtain investigation areas;

Step.2: Calculating the signal contrast of defects in each investigation area:

1. Selecting the investigation area;

2. Creating two vectors with data standard deviation values of each row and column;

3. Searching for maximum values of each vector in point 2 in order to obtain signal peak
coordinates;

4. Giving a zero-signal contrast value if peak coordinates are beyond nominal defect area;

5. Calculating the mean value of the signal defect value by considering a 3x3 matrix centred on the
peak coordinates;

6. Searching for rows and columns that present a standard deviation value below the imposed
threshold value (one half of the SD peak amplitude);

7. Giving a zero-signal contrast value if the sound area As is less than 30% of the total

investigation area;



8. Calculating the mean and the standard deviation of sound pixel;

9. Calculating the signal contrast;

Figure 6 contains a flow chart of the Stepl of the proposed algorithm while Figure 7 shows Step 2.
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Figure 6. Steps 1 of the proposed algorithm for the analysis of thermographic data
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Figure 7. Steps 2 of the proposed algorithm for the analysis of thermographic data

In Figure 3 is shown a preview of the investigation areas chosen for each defect.
Points 4 and 7 of the proposed procedure of analysis represent two discarding criteria to avoid false
positives and too low values of the signal contrast. Indeed, if few data are selected for As, a high

value of SD is obtained in sound area with a consequent low value of AS/SD.

4.3 Data analysis: quantitative evaluation of defects dimension

Last step of procedure is the quantitative analysis, carried out in order to compare the two different

techniques used in this work (Lock-in and Stepped thermography) by means of a decision threshold



values criterion. In particular, two different approaches have been used for the quantitative analysis.
In the first one, the threshold criterion approach has been applied by considering the signal output
of each algorithm while, the second considers the SD values obtained from the SD profiles. In this
regard, the threshold value Th has been defined considering the following equation for the first

approach:

Th = a[mean(A;) —mean(A;)]+ mean(A;,) (5)

and for the second one:
Th = a[max(SD) —min(SD)]+ min(SD) (6)

where the parameter o has values between 0.05 and 0.95 with step 0.05.
The application of eq. (5) and (6) to all results in terms of phase images for lock-in technique and
R2 and m for stepped technigue, allows for obtaining binary images. From these images, it is
possible to evaluate the defect area by summing the pixels with 1 value.
The measured defect area (MDA) has been compared with nominal defect area (NDA) in order to

obtain the error of estimated defect area (AER) for each a value:

AER% =[1- MDA
NDA

*100 @)

Also, in this case, two discarding criteria have been used to avoid false positives. The first regards
the number of pixels with 1 value considered in the binary image. Only the pixels included in a
circular area centred and equal to the 150% of the nominal defect area (NDA) have been considered
in MDA evaluation. This procedure allows us to avoid spurious pixels that assume 1 value within
the ROL.

Hence, it has been considered a hit a result in term of MDA area with an error (AER%) below 10%.
In other words, only the alpha values that provide an AER%=<10% were considered for the analysis.
The choice of this threshold of 10% error is arbitrary but seemed to be reasonable considering the
inherent error in defect dimension determination typical of industrial NDT techniques.
Summarizing, the following procedure has been adopted:

1. Introducing a threshold parameter (o) varying from 0.05 to 0.95 with step of 0.05;



2. Estimating the defect area as function of each «;

3. Comparing each estimated area with relative nominal area and calculating the estimation
error;
4. Successfully considering all cases in which the error is less than 10%;

Figures 8 and 9 resume the procedure used for quantitative analysis while in Figure 10 an example
of procedure is shown for defect n.2 (225 sec step heating, 5% of cooling frames) (slope parameter).

alpha
value

v

binary sum of

igati |:'|> i i 1"
Investigation tresholding image of a

area technique [:"> investigation E> values

area (MDA)

yes:

error of AER
estimated E> <
defect 10%
area (AER)

v

yes:

account
as

success

Figure 8. Flow chart for first approach procedure for defect size assessment
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Figure 9. Influence of alpha parameter on quantitative analysis for defect n.2 (225 sec, 5% of

cooling frames), first approach, (slope parameter)
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Figure 10. Influence of alpha parameter on quantitative analysis for defect n.2 (225 sec, 5% of

cooling frames), second approach, (slope parameter)

5. Results and discussion



Stepped thermographic technique involves a step heating stimulation and the investigation of the
thermal signal during both the heating and the cooling over time. Other works in literature [25]
demonstrated the potential of the two parameters m (slope) and R2 in evaluating defects in
composite material. However, the test parameters and their optimization have not been deeply
investigated yet.

In this work, the relation between the number of selected cooling frames and the thermal contrast
has been investigated both for the slope (m) and the R2 parameter and a comparison with the lock-
in thermography technique is provided.

Stepped images have been computed in IRTA fixing the first cooling frame in correspondence of
the maximum temperature frame and setting last frame as a percentage value of the total frame of
the cooling sequence.

In Figure 11 is shown, as example, the cooling curve of the sound area obtained for a heating time
of 225 seconds. In particular, it is represented the influence of the number of frames (sequence
length) on the values of slope m and R2. In the first case, in which the total sequence is considered,
a lower value of the R2 and a higher value of the m are obtained with respect to the last case. This
example demonstrates as the signal, its contrast and then the probability to detect a defect, can be
influenced by the number of frames chosen for the analysis. As just said, many sequences have been
tested in order to describe the influence of this parameter on contrast values.

5.1 Stepped thermography: slope parameter (m)

Figure 12 shows four slope maps obtained for the same heating time (24 sec) and four different
number of frames expressed as % of the total number of frames. As expected, it is clearly seen the
influence of the considered number of frames on the signal contrast.

Figure 13 shows the signal contrast values against frame percentage for 24 seconds of heating and
for all the defects of specimen. It is clearly visible that, the maximum signal contrast is reached
within 40% of cooling sequence, except for defect n°1. Also, it appears that contrast values of first
row of defects are bigger than the second row and also, they have different sign. The sign of the
signal contrast depends on the heating time and the % of frames considered for the analysis. As
already explained in the theory section, thermal waves can reach the defect during the heating
(Figure 1, Stepped approach). In this case, the defect will present a higher slope than base material
and then the sign of the signal contrast will be negative (the defect exchanges heat for conduction
and convention more quickly than the sound). On the contrary, for the pulsed approach, the defect



will present a cooling rate lower than the sound material and then a positive signal contrast.
Moreover, the signal of the contrast changes also as function of the number of frames considered
for the analysis. In fact, above all for the heating time of 60 s, a change in sign can be observed
(Figure 14). In this case the cooling behaviour of the defect presents a mixed mode between the
stepped and pulsed approach. Moreover, this behaviour could be used for discerning the depth of
defects. In fact, in this case, the first raw of defects can be considered representative of sub-
superficial defects characterized by higher temperatures than sound material and then by a more
rapidly cooling phase.

Big contrast difference between first and second defects row is due to their thickness difference, 0.5
mm for the first row and 4.2 mm for the second one.

Finally, it seems that the diameter has less influence on the contrast as depth, but its influences
cannot be negligible, since the minimum diameter detectable is 7.8 mm for the first row, 8.3 mm for

the second row and 17 mm for the third one.

ST 225 sec heating ST 225 sec heating
9 cooling sequence 9 cooling sequence
®7 87
.5’6 Ds .
L5 L 5 .
o4 y =-1,6982x+ 17,001 S y =-0,8776x+ 11,819
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a) b)

Figure 11. Effect of number of frame on m and R2 values by means of the linear least square

analysis
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Figure 12. Slope images: comparison among different images obtained by considering different

values of the % of frames
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Figure 13. Slope contrast vs. % of frames and slope images obtained for the 40 % and 60% of

frames (heating duration: 24 seconds)

Figure 14, relative to 60 seconds of the heating time, shows for the first row of defects a signal
contrast comparable with the one obtained with a heating of 24 second. The maximum value of the



signal contrast is obtained for lower values of % of frames and for defects placed at 4.2 mm (second
row) a signal contrast close to zero was obtained within the range 30%-50% of frames. Then the
signal changes in sign and increases in the range 60%-90%. In other words, the range 30%-50%
represents a range in which defects of the second raw are not detectable. As it is shown in Table 3
and in Figure 15, this “blind zone”, for defects placed at 4.2 mm, appear for each adopted heating
time and seems move towards earlier frames as heating time increases. This zone could be used for
defect depth estimation as well as the blind frequency is used for the Pulsed Phase Thermography
technique [10]. Further works will investigate the relation between blind zones and depth of defect.
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Figure 14. Slope contrast vs. % of frames and slope images obtained for the 10 % and 30% of
frames (heating duration: 60 seconds)

Table 3. Blind range in terms of % of frames obtained in correspondence of different heating time

related to the second row of defects (depth 4.2 mm, slope parameter)

Heating time (s) | Blind range (% of frames)

24 0%
36 5% - 10%
40 10% - 20%

60 30% - 50%




120 10% - 20%
180 5% - 10%
225 0%

slope image, 36sec, 80% slope image, 40sec, 60%

slope

age, 60sec, 40%

-1

-1
Figure 15. Slope images in correspondence of the blind range in term of % of frames for the second

row of defects

As expected, the signal contrast of the second and third row of defects increases as the heating time
increase (Figure 16). It is interesting to notice as, for these defects, the zone of the maximum
contrast is placed between 20-60% of total frames.

Dotted red lines reported in all figures represent two reference values above of which the signal
contrast could be considered significant with respect to the noise. This latter has been fixed for all
tests equal to two times the Standard Deviation in the sound areas.

Slope parameter presents significant values of the signal contrast only for the first row of defect
placed to 0.5 mm.
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Figure 16. Slope contrast against % of frames for 120 and 225 seconds of heating time.

5.2 Stepped thermography: linearity parameter (R?)

As already exposed in previous sections, R2 is a measure of linearity of the cooling curve in the
log-log diagram.

Contrast values are comparable with the slope ones and R2 maps are affected by a lower signal to
noise ratio. Indeed, deeper defects present contrast values higher or very close to the reference
values (2*SD).

Interesting consideration it can be done analysing the R2 maps and the particular geometry of
indication in presence of defects. In fact, as shown in Figure 17 in which the signal trend is reported
along a profile through the defect n.3, it is possible to observe a double signal change concavity in
proximity of the edges of the defect. Furthermore, in Figure 18 and Figure 19, first row defects give
an indication that is quite annular. These evidences should be matter of further investigation, but
these results show as R2 is capable to detect the edges of defects better than the slope parameter.
However, the proposed procedure used for evaluating in semi-automatic way the defect size, does
not consider these kinds of defects because of the double concavity of SD profiles, as seen in Figure
17.
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Figure 17. R? image of defect n. 3 (36 sec, 40% of frames sequence)
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Figure 18. R? contrast vs. % of frames and R? images obtained for the 40 % and 60% of frames

(heating duration: 24 seconds)

The signal contrast variation has, in this case, a more irregular trend and seems to be more sensible
than slope to the % frames used for the analysis. High contrast values are also reached for high

values of % frames (high cooling time) and for the heating times of 120 and 225 s significant signal



contrast are obtained for defects 14, 15, 20 of the third and fourth raw, Figure 18, Figure 19, Figure
20. In this regard, R2 shows a good sensibility for deeper defects. Also, it is interesting the
behaviour of the first raw of defects characterized by high values of R2 close to 1. As showed in
Figure 21, for 60 seconds of heating time (image on top right represents thermal frame when
maximum temperature is reached), shallower defects have been subjected to overheating. So, they
show a faster cooling than sound zone. Faster cooling led to a cooling law so quickly that could
match a linear behaviour in earlier frames. In particular, by considering earlier cooling frames for

defects n. 5, a R2 value closer to 1 than sound is obtained.
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Figure 19. R? contrast % of frames and R? images obtained for the 10 % and 30% of frames

(heating duration: 60 seconds)
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S is thermographic signal from IR camera and S(0) thermographic signal at t=0 sec; image on top

right is thermal frame at max temperature, expressed as IR camera signal unit);

5.3 Quantitative analysis and comparison with lock-in thermography



Phase contrast values are plotted against modulated period in Figure 22. It can be seen as lock-in
analysis provides a signal contrast greater than R2 and m. However, the capability to detect deeper
defects depends on the modulated periods and then the testing time increases as the depth of the
investigated defects. Also, in this case a blind modulated period is present at 100 s for defects
placed at the same depth (first row). Defect diameter has less influences on contrast, particularly at
lower modulated periods.

Figure 23, Figure 24 and Figure 25 show bar charts where are summarized the successful cases in
quantitative analysis. These results were obtained by considering all data (84 maps for R2 and m
and 21 for phase signal) and all defects. As it is described in section 4, the successful/positive
matches are obtained for an error below 10% with respect to the nominal defect and are expressed
as % values with respect to the total number of cases.

It is interesting to underline as the second approach (proposed in this work) gives back more
positive match results than the first one (used in literature [37], [38]).

Figure 25 shows as for lock-in thermography the positive matches are quite higher in number than
stepped method. This behaviour, as expected, is due to the higher values of signal contrast with
respect to the stepped technique.

In each case, it is shown as the best a value (for which the higher number of positive matches is
obtained) depends on the approach used for defining the signal contrast. In particular, obtained
values are in each case below 0.5 that is generally used in literature for the quantitative analysis of
thermographic data [37], [38]. Moreover, with the first approach and above all, for the slope and
phase parameters, different values of alpha are needed to quantify the major number of defects to
different depths. On the contrary, indeed, the second approach allows to quantify defects to all
depths with only one alpha value.
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Figure 23. Positive matches against alpha values for both the first and the second approach (slope)
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Figure 25. Positive matches against alpha values for both the first and the second approach (phase)

6. Conclusions

In this work, two different parameters, slope (m) and R2, obtained by analysing thermographic data
derived by stepped thermography tests were investigated.

Different tests were carried out on a GFRP specimen with flat bottom holes with the aim to
optimize defects detection in terms of testing time and signal to noise ratio. In particular, it has been
investigated the effect on the signal contrast produced by changing both the heating time and the %
of frames considered for cooling analysis.

A quantitative analysis based on the signal contrast has been carried out for comparing the proposed
analysis with the well-established lock-in thermography technique.

The main results can be summarized as follow:



As expected, the signal contrast for both parameters depends on both the defect diameter
and depth.

Slope (m) presents a signal contrast with a regular dependence from the % of frames and
changes in sign in correspondence of a suitable range of % of frames. This blind range could
be used for estimating defects depth. For different heating times, the analysis of 40 % of
frames seems sufficient to detect defects at different depths.

R2 gives higher values of the signal contrast with respect to m and seems capable of detect
the edges of defects. However, R2 presents an irregular dependence from the % of frames in
correspondence of different heating times.

Phase data (lock-in thermography) gives the highest values of signal contrast but high
testing times are necessary to detect deeper defects.

The proposed approach for quantifying defects size (based on the signal standard deviation
contrast) provides better results with respect to the literature one based on the signal
contrast.

Threshold values < 0.5 are required on the signal contrast to obtain errors within 10% in

defects size evaluation.
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