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Abstract. Composite materials are used in many applications where an high 
strength to weight ratio is required. So, the characterization of material in terms of 
defects and damage evaluation is very important to evaluate its residual strength.  
 In literature various NDT techniques have been used for detection of damage in 
composites such as ultrasound, active thermography, X-ray, shearography, vibration 
testing and electrical potential technique. 
 Thermographic techniques are able to detect defects in homogeneous materials 
thanks to different thermal behaviour that they have if subjected to a thermal 
stimulation. In particular, during a thermal stimulation, defects reach a temperature 
value more high or less than homogeneous material. This behaviour is due to the 
different thermal- physical properties involved in the heat transmission phenomena 
such as the thermal conductivity, the heat capacity at constant pressure and the 
density of material. 
 In this work new data analysis algorithms were developed in order to obtain the 
results in really short time. In this way, it is possible reduce testing time and cost for 
scanning large structures made of composite materials. 
 The proposed procedures allow to obtain information about damages in 
composite material considering two parameters: the slope and the linearity of 
cooling curve of material. Linearity of cooling curve has been evaluated considering 
the square of the correlation coefficient as this parameter is simple, fast and more 
accurate being independent by the power supplied to the specimen. 
 The results have been compared with lock-in thermography. Quantitative 
analysis of the damaged areas shows a good agreement between two techniques. The 
new proposed technique provides advantages in term of time of tests. 

Introduction  

Composite materials are currently used in many applications where a high strength to 
weight ratio is required. Typical defects such as delamination or voids can dramatically 
change the strength of the structure [1]. Non-destructive techniques are currently used for 
defect detection in composites such as X-ray [2], ultrasound [3], shearography [4], 
vibration testing [5] and electrical potential technique [6], all of which have their own 
peculiarities and capabilities to identify different kinds of defects to quantify.  
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Thermographic techniques, with respect to other traditional well established NDT 
techniques, potentially allows for investigation of large areas with a relatively shorter time 
and without the need for coupling like UT or safety issues such as with X-ray [1], [7].  
With regards to test set-up and data processing, Pulsed/Stepped Thermography (PT/ST) and 
Lock-in Thermography (LT) are among the most used thermographic techniques for the 
non-destructive evaluation of composite materials [7-12]. All the thermographic techniques 
use an external heat source to stimulate the material with thermal waves in order to induce a 
heat flux in the material and analyse the temperature behaviour on the surface of the 
component. In this way, a defect can be detected since it inducing different thermophysical 
local properties in the material, will also induce an anomaly in the thermal diffusion and 
subsequently a different surface temperature in the component.  
The ability of thermography to detect defects in CFRP and GFRP composite materials has 
been demonstrated in various works and in many applications. In particular, thermal 
techniques have been used to investigate defects in adhesively bonded components [12-17] 
and many applications concern the investigation of composite material subjected to impact 
damage [18-20]. 
In this work, ST and LT have been used to detect simulated defect on a GFRP sample 
specimen. In particular, for LT analysis, a modulated heat source has been used for 
stimulating the specimen in a desired range of frequencies and extracting information about 
the simulated defects. 
This approach has already been used in literature with the aim of reducing testing time. In 
particular, a theoretical basis for describing this approach has been provided in the work of 
Mulaveesala et al., [21], while an experimental analysis it is present in the work of Pitarresi 
[22], [23]. 
Two algorithms were used for analyzing the ST data. These algorithms consider two 
parameters to analyze thermal data during the cooling phase: the slope and the linearity of 
data [24]. In this work various test were carried out in order to optimize the results in terms 
of signal to noise ratio. Moreover, a study of the influence of the dimensions and position 
of defects on signal has been performed for both techniques. 
Finally, it was carried out a quantitative comparison between the two thermographic 
techniques. 

Material and Methods  

A specimen with simulated defects was obtained through the vacuum infusion resin 
process. An epoxy-type (i.e. EC 157 by ELANTAS) resin was taken into account, 
reinforced with a double layer of quadriaxial glass fiber of the type 0°/+45°/90°/-45°, (Fig. 
1). Dimensions and depth of defects are reported in Table 1. 
Thermography tests were performed by IR camera FLIR SC 640 with thermal sensitivity 
(NETD) < 30 mK and based on a micro bolometer detector with 640×512 pixels. 
The set-up used is shown in Figure 1. In particular, 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. 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 [25] for lock-in take into account the thermal transient in the very first 
cycles. So there is no need to reach stationary behavior of the thermal response of the 
material to the excitation source. 
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Fig. 1. a) Specimen and b) set-up used for tests 

2.1 Methods and algorithms used  

In this work, we propose the use of a modulated square wave as a heat source in order to 
reduce the testing time. In fact, in this case, as demonstrated in other works [22-24], the 
thermal response of material contains information about high order 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:  
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where t is the time, a and b are two constants used to model the average temperature growth 
of the material, ω is the modulated frequency of the main harmonic (first Fourier 
component), ∆Tn and φn 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 Eq. (1) to the thermal signal of each pixel and by considering the terms up to 
n=5. In this way we can write: 
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Equation 2 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.  
Two parameters have been used to analyze thermal data during the cooling phase of the 
Stepped Thermography test: the slope (m) and the linearity R2 of data [1], [24]. In fact, the 
presence of the defect determines a modification of thermal profile during cooling with a 
typical non linear behaviour. 
The R2 value used in the paper is defined as R2=1-(SSres/SStot) where SSres is the residual 
sum of squares and SStot is the total sum of squares. 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 [26]. 
In order to investigate:  

https://en.wikipedia.org/wiki/Pearson_product-moment_correlation_coefficient


4 

 
• the influence of the number of frames taken into account to carried out the ST 

analysis, 
• the influence of dimensions and position of defects on the signal to noise ratio, 

 
a number of tests have been carried out as shown in Tables 1 and 2. In particular, the ST 
analysis 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. 
 

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

(s) 
Modulation Frequency 

(Hz) 
Heat 

source 
Number of 

cycles Harmonics (Hz) 

48 0.021 square  3 0.021; 0.062; 0.105 I; III; V; 

72 0.014 square 3 0.014; 0.042; 0.069 I; III; V; 

80 0.013 square 3 0.013; 0.038; 0.063 I; III; V; 

120 0.008 square 3 0.008; 0.025; 0.042 I; III; V; 

240 0.004 square 3 0.004; 0.013; 0.021 I; III; V; 

360 0.003 square 3 0.003; 0.008; 0.014 I; III; V; 

 
Table 2. Parameters used for ST tests. 

Heating time (s) Cooling time (s) Sample rate 
(frames/s) 

Analysis: % of 
total frames 

24 168 6 

5, 10, 15, 20, 30, 40, 
50, 60, 70, 80, 90, 

100 

36 252 4 
40 280 4 
60 420 2 

120 840 1 
180 1260 1 

Results 

Figure 2 shows the phase maps obtained from lock-in analysis and by using the first 
harmonic of the square wave. As it was expected, deeper defects appear in correspondence 
with a higher modulation period (lower excitation frequencies). 
In order to compare, in quantitative way, the results obtained from each defect, the 
behaviour of the phase contrast was monitored. Then, this parameter (representative of the 
usually assessed parameter in NDE) has been related to the standard deviation of a sound 
area (in some ways representative of the noise) obtaining an indicative parameter of the 
signal to noise ratio. 
Figure 2 shows the area used for quantitative analysis. In particular, notation S is used for 
the sound area and d for the area with a defect (in this case, defect number 5).  
It is important to underline that the correct evaluation of the phase contrast is obtained by 
considering a sound area around the defect [27]. However, and only in preliminary way, the 
phase contrast has been defined as: 
 

)]()([ Sd meanmean                                                                                 (3) 
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where mean(φ) represents the average value of the phase signal assessed on d and S. 
  

 
Fig. 2. Comparison between phase maps obtained with the first harmonic of the square wave (modulation 

periods=48s, 120s, 360s) 
 

In Figure 3 are reported the phase signal values obtained as the ratio between the phase 
contrast and the standard deviation of the sound area (SD(S)) for the first two raw of 
defects and as function of the modulated periods. In particular, different phase trends are 
obtained for defects placed at the same depth but with different dimensions (diameter). This 
behaviour it is very evident in Figure 4 where the phase values are plotted as function of the 
defect diameter and the defect depth for three different values of the modulated period. 
Interesting results were obtained for defects placed at 0.5 mm where the phase signal trend 
changes its value from negative to positive. 
   

 
Fig. 3. Phase contrast/Standard deviation (SD) of the sound area vs. the modulated period 

 
In Figure 5 the values of the slope and R2 contrast, calculated in the same manner as the 
phase, were reported for the first two raw of defects as function of % of the total frames 
used for the analysis. In this case we report as example only the trends obtained for a 
heating time of 24 seconds. Also in this case, defects placed at the same depth seem show a 
similar behavior. Maximum values of the signal varies in function on the dimension of the 
defect and the heating time. 
In Figure 6 are reported, as example, the results of ST analysis in terms of m and R2 for 
three heating times (24, 60 and 180s) and in correspondence of different values of the total 
frames. It is interesting to notice that variation in heating time results in varying capabilities 
to spot deeper defects. Moreover, it seems that this kind of stepped thermography, not 
based on thermal contrast, is able to clearly identify the 4mm deep defect, and it is starting 
to show even deeper defects at about 9mm depth. 
Surprisingly, R2 seems to be, in this case, systematically performing less in comparison 
with the slope, being able to detect bigger and more superficial defects. 
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Fig. 4. Phase signal variation in function of diameter and depth of defects 

 

 
                               a                                                                 b 

Fig. 5. a) Slope signal variation and b) R2 signal variation in function of the number of frames and defects 
 

 
Fig. 6. m and R2 maps at different heating time and % of number of frames 

 



7 

 
                                 a                                                                b 

Fig. 7. a) m and b) R2 signal variation in function of diameter and depth of defects 
 
Figure 7 shows as, also in this case, as for the phase signal, the dimension and the depth of 
defects influence quantitatively the normalized contrasts. Neglecting this aspect could lead 
to significative errors in the quantitative evaluation of defects. In fact, generally, the 
quantitative analysis requires the evaluation of threshold values [1], [11] (threshold value 
criterion) in order to obtain binary data able to discern the detectable from the undetectable 
defect. These methods don’t take into account the influence on the phase signal of the 
dimensions and position (in terms of depth inner the component) of defects. 
Finally, the results obtained from, R2 and m appear competitive with respect to phase data 
derived by lock-in analysis. Moreover, the maps of the m and R2, in the same heating 
condition seem to be able to detect deeper defects compared with lock-in and the 
processing of data, being very simple, is much faster than lock-in. 

Conclusions 

In this work two thermographic techniques were used to detect simulated defects on a 
GFRP sample specimen. In particular, it was investigated the effect of the dimension and 
depth of defects on signal for both techniques. 
The contrast and the standard deviation of the signal were used to perform the quantitative 
analysis by using phase signal for lock-in and the slope m and R2 for the stepped 
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thermography as their ratio represents a significant parameter for evaluating the ability of 
the detection of the technique since it take into account the noise of the signal. 
The results can be summarized as follows: 
  Each parameter used for the defect detection (phase signal for LT and m and R2 for 

ST respectively)  is influenced by the dimension and the depth of the defect. These 
results show as for the quantitative evaluation of defects in a component, a sample 
specimen with imposed known defects and made of the same material of the 
component is necessary to calibrate the phase signal values as function of the 
dimension and the position of defects.  Results obtained from R2 and m are in good agreement with the phase data derived 
by lock-in analysis. Moreover, the maps of the m and R2, in the same heating 
condition seem to be able to detect deeper defects compared with lock-in and the 
processing of data, being very simple, is much faster than lock-in. 

 
Moreover, the cooling analysis can be performed in a shorter time with respect to lock-in 
analysis using the same acquired thermal sequence and providing additional information 
about the dimension and depth of defects, being able to detect deeper defects even if with a 
higher level of noise. 
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