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Abstract. Nowadays the use of technologically advanced materials such as 
composites is gaining an increasing interest due to their high strength to weight ratio 
and the possibilities to design optimum materials for specific applications that they 
offer. However, the utilization of these new advanced materials involves the 
requirements of application of also new quality control methods. A new generation 
of NDT techniques is being developed together with the composite materials. One of 
these new inspection techniques which has demonstrated good capabilities to 
measure the integrity of the composite materials is the Infrared Thermography 
(IRT). Although thermographic NDT techniques present many interesting 
advantages the main limitation appears in the detection of in-depth defects, due to 
the low penetration of the introduced heat inside the materials under test. IRT is 
applicable for surface and sub-surface defects detection. To overcome this limitation 
of the infrared technology, scientific research is focused in the development of 
image and data processing algorithms which improve the capability of detection. 
These mathematical algorithms not only improve the detection capabilities of the 
infrared technology but also make possible to classify the response of different 
defects for an automatic detection allowing the industrial implementation of this 
inspection technique. 

1. Introduction 

The use of composite materials in aerospace, naval and automotive industry has increased 
in the past few decades due to their high strength and stiffness to weight ratios, and because 
they present better resistance to corrosion and cracking than metal materials [1]. Despite 
these advantages they also have weaknesses that decrease the integrity of layer adhesion 
and the mechanical properties of the composite component. Sometimes conventional 
methods of NDT find difficulties in the inspection of this type of new materials, or even are 
unsuitable. Therefore new non-destructive techniques are necessary to support the 
demanding quality controls in composite part construction and repair. 

One of the most important weaknesses of composite materials is their sensitivity to 
impact damage [2]. Even low energy impacts can drastically reduce the structural strength 
and stability of composite materials, which can lead to severe. Since accidental impacts are 
difficult to avoid, robust and reliable inspection methods to detect impact damage are 
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required [3]. Moreover, honeycomb sandwich panels are extensively employed in the 
aerospace industry, also due to their excellent mechanical properties and reduced weight. In 
order to attach additional elements to them, panels are reinforced by filling honeycomb 
cells and drilling holes in the reinforced areas according to standardized attachment 
specifications, which must be situated in a specific position within the reinforced area of 
the panel. If the position of the hole is far from the correct place the stress is higher and the 
load due to the attachment may provoke damage in the panel [4, 5]. 

As a result of these identified necessities and the constant requirement of the 
aerospace industry of ever-more efficient inspection methods for quality control, several 
studies have been conducted by researchers worldwide. Two practical examples of the 
application of a NDT technology together with image and data processing algorithms are 
explained in this paper (see Figure 1). The first case consists of the non-destructive 
inspection of drilled holes in reinforced honeycomb sandwich panels using active 
thermography and the other one consists of the automatic detection and characterization of 
impact damage in carbon fiber composites using active thermography. 

 
 

 
 

Figure 1: Procedure used for non-destructive inspections of aeronautical composite components 

2. Active infrared thermography inspection and post-processing techniques 

Infrared Thermography (IRT) consists basically in the measurement and interpretation of 
the temperature field in the surface of a body. The presence of irregularities inside a 
material causes differences in the distribution of a previously established heat flow, and 
consequently the apparition of indications in the surface temperature. IRT as a NDT 
technique is applicable to all types of materials (composite and metal) and is capable of 
detecting the majority of defects that appears in composite materials (porosity, 
delaminations, water inclusion, and so on). 

In active infrared thermography an external stimulus is applied to the specimen to 
induce relevant thermal contrast between regions of interest in the specimen under 
examination. There exist many different stimulation methods. However, most of them can 
be classified as optical, mechanical or inductive. In the works presented here, composite 
laminates and honeycomb sandwich panels are stimulated using an optical method, which 
uses light to deliver energy to the specimen [6]. 
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In IRT thermal contrast between regions of interest may appear as subtle signatures due to 
many factors that degrade the thermographic data, such as signal noise and irregular 
characteristics of the surface of the object. Results based on raw infrared images are not 
usually appropriate and infrared image processing is required [7] to improve the signal-to-
noise ratio content of the thermographic data. A solution in these situations is to apply a 
post-processing method such as thermal contrast [8], pulsed phase thermography [9], 
principal component thermography [10], polynomial fit and derivatives [11], and dynamic 
thermal tomography [12]. Based on the results obtained in several previous tests with 
similar types of materials [13], pulsed phase thermography (PPT) adapted to optical step 
heating has been selected to enhance the infrared images as it provides the best signal-to-
noise ratio. 

3. Inspection of drilled holes in reinforced honeycomb sandwich 

To prevent damage in composite sandwich panels due to the loads applied by attached 
elements, holes must be drilled in a specific position within the reinforced area of the panel. 
If the position of these holes is displaced from the center of the reinforced area toward the 
boundary, the stress is increased and the load may provoke damage in the panel. Therefore, 
the holes must be carefully inspected to ensure a safe operation. 

Active infrared thermographic techniques are generally applied to the inspection of 
materials for surface and subsurface defect detection. However, it is also useful to detect 
areas of the specimen with different thermal properties. The thermal contrast which appears 
due to the filled and empty cells is then used to determine the position of the holes in the 
reinforced area. Nevertheless, this thermal contrast tends to be very low and can be lost in 
the data noise, and thus, post-processing methods are used to improve the signal-to-noise 
content of the thermographic data. The resulting enhanced infrared images are finally 
processed using different image processing methods. The proposed approach for infrared 
image processing is divided into the following steps. 

3.1. Hole detection 

The holes drilled in the reinforced area of the honeycomb sandwich panels are clearly 
visible in the whole sequence of infrared images, even previously to the external stimulus. 
Then the infrared image which was considered for the hole detection was the one with 
maximum average temperature (see Figures 2a and 2c). 

The influence of the background of the image could affect the performance of the 
processing negatively, thus it is necessary to subtract the background from the original 
image before the processing application. The background of the image is estimated in two 
steps. Firstly, the image is filtered using the median. And next, the result of the median 
filtering is filtered again using a Gaussian filter to smooth the surface [14] (see Figure 2b). 

3.2 Segmentation of honeycomb filled cells 

Although the filled cells of the honeycomb sandwich panel are located around the holes, 
they are not visible in the raw infrared image because the signal levels associated with the 
reinforcements are lost in the data noise. The solution is to apply a post-processing method 
in order to improve the signal-to-noise content of thermographic data. The method selected, 
as a result of previous investigations, is the pulsed phase thermography (PPT) adapted to 
optical step heating (see Figure 2d). 
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The phase of the thermographic data is calculated by the transformation of the temperature 
time history of each pixel during the warm-up period into the frequency domain using the 
Discrete Fourier Transform (DFT). 
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In order to avoid unwished processing effects caused by the intensity of the holes in the 
middle of the reinforced areas, these are eliminated from the image. To remove the holes 
from the image, pixels in the inner region of each hole are substituted randomly by the 
external pixels of that hole. The resulting image is then ready for the segmentation of filled 
honeycomb cells. 

There are many methods for the segmentation of honeycomb filled cells such as 
thresholding, edge detection, region growing, or watershed. However all of them fail. 
Hence, in this work, infrared images are segmented using an approach based on active 
contours models [15, 16], in particular using a region-based active contour model (see 
Figures 2e and 2f). 

3.3. Feature extraction 

Finally, the information regarding the distance from the center of each hole to the closest 
boundary of the reinforced area of the material is easily calculated using the results of the 
image processing procedures previously described. These distances can be calculated as the 
minimum distance from the center of each hole to all the points of the boundary of the 
segmented reinforced area (see Figures 2g and 2h).  
 

 
Figure 2: Inspection of drilled holes in reinforced composite materials. (a) thermographic image of maximum 

intensity acquired during the inspection. (b) Estimation of the background of the image. (c) Detected holes in the 
thermographic image and area of influence of the holes used for removal. (d) Image resulting from the enhancement 
process using the phase of the FFT. (e) Segmentation of the reinforced areas in the image. (f) Reinforced areas and the 
holes in the composite material. (g) Distance in pixels from the center of the holes to the closest boundary of the 
reinforced area. (h) The same distance using as background the original thermographic image rather than the phasegram. 
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4. Automatic detection and characterization of impact damage in carbon fiber 
composites 

A major concern in composite structures is impact damage. Accidental impacts with 
composite materials can cause damage which severely reduces their mechanical properties. 
Impact damages can create invisible cracks and delaminations due to the propagation of 
mechanical energy inside the material. Due to the sensibility of composite structures to 
impact damage and to the severe consequences of this type of defects, the problem of 
impact damage in composite structures has been a subject of intensive research effort. 

The objective of the proposed infrared image processing procedure is to detect 
impact damage robustly, without any human intervention and is divided in several steps. 
Figure 3 resumes the process developed in the study. 

4.1. Non-uniform background removal 

Part of the nonuniformities present in the raw images is compensated by means of the 
infrared image enhancement using the phase of the DFT. However, the background of the 
phasegram still has nonuniformities which negatively affect the performance of any image 
processing procedure. Thus, it is necessary to subtract the background from the image 
before applying further processing algorithms (see Figures 3a and 3b). 

The approach proposed in this work to remove the background from images is a 
morphological enveloping filtering [18]. This filter is applied to the row and column 
profiles of the images independently. The background is then removed from the intensity 
profile by subtracting the smoothed envelope from the signal (see Figure 3c). 

Non-uniform background can be also removed using different methods. One of the 
most common approaches used in this type of images is the top-hat filter [19], which 
performs a morphological filtering and can be used to correct uneven illumination. This 
method computes the morphological opening of the image and then subtracts the result 
from the original image. This method provides good results in different applications, 
however, the performance of this method is lower than the morphological enveloping 
filtering used in this work. 

4.2 Peaks and edge detection 

In the foreground image resulting from previous steps, peaks and edges indicate possible 
locations of impact damage. In order to detect all of them the first derivative is calculated 
for a column or row profile of the foreground image. The peaks in the intensity profile are 
easily detected. However, the presence of random noise causes many false zero crossings 
which do not correspond to impact damages. Then possible peaks are filtered based on the 
following two conditions: the slope must exceed a minimum, and the original signal at that 
point must exceed another minimum value established experimentally. Afterwards the 
vicinity of the considered valid peaks is adjusted to a Gaussian. This process is carried out 
by transforming the Gaussian peaks into a form that is amenable to polynomial curve 
fitting. 

The width of the peak is calculated using the full width at half maximum (FWHM), 
which in the case of the Gaussian is calculated as (5). 

 

 3548200.22ln22 FWHM       (5) 

 
And the two edges of the peak are calculated as (6) and (7), where Z is the position of the 
zero-crossing of that peak in the first derivative. 
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2/1 FWHMZEdge         (6) 
2/2 FWHMZEdge         (7) 

4.3 Region detection 

It is possible to detect the regions corresponding to impact damage by analyzing the 
detected edges. Region detection is carried out in the following three steps.  

Firstly, edge clustering is performed using an agglomerative approach [20]. This 
algorithm starts by assigning each edge to a separate cluster. Next, the two closest clusters 
are merged creating a new cluster which consists of the union of the two previous. This 
process continues until the distance between the two closest clusters exceeds a maximum. 

Secondly, a rough approximation of the boundary of each region is obtained by 
calculating the convex hull of the set of edges in each cluster. And finally, an enhancement 
of the detected region is carried out by means of an image segmentation based on active 
contours models, in particular using a region-based active contour model. The segmentation 
using active contours requires the specification of an initial contour, and in this case these 
initial contours are particularized using the information about convex hull determined for 
each cluster of edges (see Figures 3d and 3e). 

4.4 Feature extraction and impact damage classification 

Two types of features are calculated for the impact damage characterization: shape features 
and amplitude features. Shape features describe the shape of the impact damage and 
amplitude features measure the intensity of the impact damage. The shape features 
extracted for every impact damage are: Area, Perimeter, Eccentricity, Extent, 
MajorAxisLength, MinorAxisLength, and Solidity. And the amplitude features are: 
ImpactMean, Impact-Max, ImpactMin, ImpactMedian, ImpactStd, ImpactKurtosis, 
ImpactSkewness, ImpactEntropy. 

Among the methods available for the characterization of defects, artificial neural 
networks (ANN) seem to have the best performance [21], hence this is the method used for 
the characterization of impact damage in this work. Specifically in this work a supervised 
network known as a multi-layer perceptron is used. This is a feedforward ANN consisting 
of three layers of nodes in a directed graph: the input layer, the hidden layer and the output 
layer. The number of neurons in the input layer is equal to the number of inputs of the 
ANN, that is 16 inputs: 15 features and an additional input which indicates the number of 
plies of the material being inspected. For this work a value of 10 neurons in the hidden 
layer provided good results, and the number of neurons in the output layer is 1, which 
indicates the impact energy with a scalar value (see Figure 3f). 
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Figure 3: Inspection of impact damage. (a) Thermographic image acquired during the inspection. (b) Phasegram of the 
warming-up period of the thermographic video. (c) Phasegram after background substraction. (d) Segmentation of the 
impact damage. (e) Binary image of the defects. (f) Estimation of impact energy in the detected impact defects (the 
number in brackets is the real value of the impact energy for each defect). 

5. Results obtained and conclusions 

The works presented in this paper propose a non-destructive inspection method based on 
active infrared thermography for impact damage detection and for quality control of drilled 
holes in reinforced honeycomb sandwich panels. The proposed methods stimulate the 
inspected specimens using optical step heating in order to induce relevant thermal contrasts 
in the zones of interest. Data and image processing algorithms are then applied for the 
enhancement of the raw images acquired with the thermal camera. 

The results obtained with the developed reinforcement quality control methodology 
was compared with inspections with X-rays which is the standardized methodology, and it 
was indicated that although the X-ray inspection provides clearer information, the 
thermographic inspection is also effective in assessing the displacement of the drilled holes 
from the center of the reinforced area. The thermographic inspection is also a clean 
technology which can be used safely and effectively by an experienced technician. 

The automatic impact damage methodology developed was applied to several 
specimens with different number of plies, different types of cores, and damage caused by 
energies from 6 J to 50 J. All defects were detected correctly, regardless of the nonuniform 
background, the impact energy, or the extreme differences which appear in the images of 
specimens with different number of plies. Moreover, the number of false alarms was null, 
that is, no defects were detected which did not correspond to real defects. This indicates 
that the proposed procedure is reliable and very robust under different conditions. 

The excellent results achieved in these and many other studies encourage 
researchers to continue in the investigation and development of this technology, being 
aware of the real possibility of the industrial application of the thermographic 
nondestructive inspection techniques, combining the results with image and data processing 
algorithms. 
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