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Abstract. The use of composite materials is rapidly increasing in the production of 
aerospace structures. To match these advanced structures, a modern approach to 
their inspection and integrity monitoring is required. Composites are by nature 
inhomogeneous and anisotropic, establishing a good bond before the component 
enters service is paramount if the structure is to behave as expected by the designer. 
Constant strength throughout the structures life span requires periodic inspections, 
so that defects can be detected and eventually repaired at the lowest possible cost. 
Appropriate testing is needed to verify that the component is effectively bonded and 
has the required strength without damaging the part in any way. The principal 
defects that damage these materials are: delaminations, disbonds/unbonds, porosity, 
and cracks. In our paper, we have focused our attention on a glass fiber composite 
specimen with fabricated defects typically used for the lining of Agusta 109 LUH 
and Mc Donnel Douglass helicopters. The damage assessment methodology 
proposed is an integrated approach between two non-destructive techniques: square 
heating (SH) thermography and digital speckle photography (DSP). A comparative 
experimental investigation is discussed herein to evaluate the performance of SH 
and DSP for the non-destructive testing on this specimen. 

Introduction  

Infrared thermography is one of several non-destructive testing techniques that can be used 
for defect detection in aircraft materials such as glass fibre reinforced composites (GFRP), 
of which an example is shown in this work. Over 95% of the fibers used in reinforced 
plastics are glass fibers, as they are inexpensive, easy to manufacture and possess high 
strength and stiffness with respect to the plastics with which they are reinforced. They have 
a low density, they are resistant to chemicals, and they have a good insulation capacity 
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among other bonus characteristics, although the one major disadvantage in glass is that it is 
prone to break when subjected to thigh tensile stress for a long time. However, it remains 
break-resistant at higher stress-levels in shorter periods. This property mitigates the 
effective strength of glass especially when glass is expected to sustain continuous loads for 
many months or years. The loading frequency, temperature, moisture and other factors also 
dictate the tolerance levels of glass fibers and the disadvantage is further compounded by 
the fact that the brittleness of glass does not make room for prior warning before the 
catastrophic failure. For this reason, the use of non-destructive techniques, applied together 
on the same component, is essential to check its state of maintenance. In the aerospace 
industry, where inspection is of prime importance at all fabrication stages, there is a need 
for fast, reliable and economical inspection techniques. Infrared thermography can be 
potentially useful, as it is fast, real time, and can examine over a relatively large area in one 
inspection procedure. It is also non-contact; the equipment is fairly portable and hence it 
can be used reasonably easily in the field. This cannot be said for the DSP. DSP measures 
the displacement of a speckle pattern and is primarily used in the laboratory on just 
manufactured pieces to check their integrity after the production process. The objective of 
this paper is to present results from an experiment using principal component thermography 
(PCT), and to compare it to the results obtained by DSP, using a glass fibre reinforced 
specimen with inserted defects. 

Non-destructive techniques  

1.1 Square Pulse Thermography (SPT) 

Active thermography is a well-known NDT technique allowing fast inspection of large 
surfaces that has been extensively investigated [1],[2]. Data acquisition is fast and 
straightforward, as illustrated in Figure 1. 

Figure 1. Experimental setup for square heating thermography. 
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Specimen  
In the square pulse configuration [3],[4] the specimen surface is submitted to a long 

square pulse (from a few seconds to several minutes), and the temperature raise and decay 
is register using an infrared camera and stored as a 3D matrix composed by N thermograms, 
where x and y are the spatial coordinated, and t is the time (see Figure 2). 

SPT data is generally processed to improve defect visibility and to performed 
quantitative characterization of defects. Arndt proposes an adaptation of the pulsed phase 
thermography algorithm to detect and characterize defects from SPT experiments. In this 
paper, we propose to use principal components to process SPT data. 

1.1.1 Principal Component Thermography (PCT) 

Singular value decomposition (SVD) is an interesting tool to extract spatial and temporal 
data from a matrix in a compact or simplified manner. SVD is an eingenvector-based 
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transform that forms an orthonormal space. SVD is close to principal component analysis 
(PCA) with the difference that SVD simultaneously provides PCAs in both row and column 
spaces. The SVD of an MN matrix A (M>N) can be calculated, as can be seen in Eq. (1) 
[5]: 

TURVA =  (1) 
where U is a MN orthogonal matrix, R being a diagonal NN matrix (with singular 

values of A present in the diagonal), VT is the transpose of an NN orthogonal matrix 
(characteristic time). This operation is represented in Figure 2. 

Figure 2. Schematic representation of SVD as applied to pulsed thermographic data. 
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As depicted in Figure 2, in order to apply the SVD to thermographic data, the 3D 

thermogram matrix representing time and spatial variations has to be reorganized as a 2D 
MN matrix A. This can be done by rearranging the thermograms for every time as columns 
in A, in such a way that time variations will occur column-wise, while spatial variations 
will occur row-wise. Under this configuration, the columns of U represent a set of 
orthogonal statistical modes known as empirical orthogonal functions (EOF) that describes 
spatial variations of data [5], [6]. On the other hand, the principal components (PCs), which 
represent time variations, are arranged row-wise in matrix VT. The first EOF will represent 
the most characteristic variability of the data; the second EOF will contain the second most 
important variability, and so on. Usually, original data can be adequately represented with 
only a few EOFs. Typically, a 1000 thermogram sequence can be replaced by 10 or less 
EOFs. 

1.2 Foundations of speckle metrology 

When coherent light is incident on an optically rough surface, with height variations greater 
than the wavelength of the light, and is scattered from it, a pattern consisting of dark and 
bright spots (speckles) appears. The scattered waves interfere and form an interference 
pattern. This phenomenon is called the speckle effect. In white light illumination, this 
speckle effect is difficult to observe because of lack of coherence. The speckle pattern is 
characterized by a random intensity and phase distribution. It is fundamentally a statistical 
process [7]. 

The intensity I is distributed according to the probability density function of a fully 
developed, polarized speckle field as follows: 
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where ˂I> is the mean intensity value. The intensity I follows a negative 
exponential distribution. Dark speckles are thus more likely, but there are always some very 
bright ones. If the statistical properties of the speckle pattern are determined by the size of 
the illuminated spot, the pattern is called objective. Instead if the statistical properties of the 
speckle pattern are determined by the aperture of the imaging system, the pattern is called 
subjective. For the case of a rectangular aperture the in-plane speckle width is defined as: 

,, D
L

yx
λσ =      

 
(3) 

where λ is the wavelength of the light, L is the distance between the aperture and the 
detector and D is the width of the rectangular aperture. The speckle length is defined as [8]: 
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This means that the speckles have the shape of a cigar, since they have a larger size 
in the z-direction than in the x- and y-direction, unless for very large numerical apertures. 
The basic importance of the speckle size in metrology lies in the fact that it has to be 
adjusted to the resolution of the detector not to introduce systematic errors into the analysis. 
According to Nyquist sampling criterion: 

,
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Lpp yx
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≤      

 
(5) 

where px and py denote the pixel pitch on the detector, or expressed in speckle size 
as: 

,
2

,max σ
≤yx pp      

 
(6) 

where the speckle size is defined as in Equation (3).  
Speckle metrology is using the fact that the speckles in the speckle pattern undergo 

changes when anything in the optical set-up changes. If the positional shifts of the speckles 
are utilized, it is called speckle photography or if the irradiance changes of the speckles are 
utilized, it is called speckle interferometry. 

For further reading about speckle metrology in general, the reader is referred to 
Sirohi [9]. The information carrying properties of laser speckles have been used for 
metrological applications since the early 1970’s. For in-plane surface displacement 
measurements speckle photography was introduced by Archbold et al [10].  

1.2.1 Digital Speckle Photography (DSP) 

Speckle photography is a main track in speckle metrology. In speckle photography the 
information is carried by the bulk movement of the speckle pattern as the object deforms, 
rather than the phase change in a specific speckle, as in interferometric techniques. 
Therefore only a single illumination beam is used which simplifies the optical setup. 
Digital speckle photography (DSP) is the digital cousin to traditional speckle photography. 
The speckle patterns that appear in the image of an illuminated object, before and after 
object deformation, are registered by a charge coupled device (CCD) detector and stored 
separately on a computer where the relative motion between them is analyzed with arbitrary 
spatial resolution. In the literature a number of DSP systems have been presented by many 
researchers including Sjödahl [11 – 13], Chen and Chiang [14 – 16], Hoh and Yamaguchi 
[17], and Sutton et al. [18, 19]. The relatively low complexity in the hardware for a basic 
DSP system is shown in Figure 3. 

The main restriction with a solid-state detector as compared to film is that the 
spatial frequencies in the speckle pattern have to be resolved so as not to introduce 
systematic errors in the result [12], a condition fulfilled if: 
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[ ] ( ) ,1,max2 Fmpp yx +≤ λ      (7) 
where max[px,py] refers to the maximum pixel pitch, λ is the wavelength, m is the 

magnification, and F is the lens f-number. Since the resolution of most solid-state detectors 
is low, in general large f-numbers have to be used. Advantages of DSP over classical 
speckle photography are not only that the system is easier and faster to use.  

With electronic detection individual frames are stored in the computer and a whole 
sequence of images, registered with the same or varying illumination direction, may be 
captured without altering the experimental setup. In our case, the pattern is associated with 
a surface that deforms; one image is recorded before and one image is recorded after a 
change in the specimen. Each speckle field image is divided into small sub-images. 

 
Figure 3. Experimental setup for DSP. A frosted glass from a light source illuminates the optically 

rough object. The speckle pattern is acquired by the CCD camera and stored on the PC where it is processed. 
The setup is most sensitive to in-plane deformations of the object surface (Neodymium-YAG Laser, λ=532 

μm and P = 250 mW). 

 
Cross-correlation is performed for each sub-image pair and the mean displacement 

is determined for each pair. Figure 4 demonstrated cross-correlation between two speckle 
sub-images, the undisturbed and the disturbed image, respectively.  

 
Figure 4. Cross-correlation of two sub-images of 64x64 pixels. HS1 and HS2 represent the Fourier 

transform of each sub-image. F-1 denotes inverse Fourier transformation and * denotes complex conjugate. 
The position of the correlation peak gives the displacement [20]. 

 
For computational reasons the cross-correlation is performed in the spectral domain 

by multiplying the conjugate of the spectrum of one of the sub-images by the spectrum of 
the other sub-image. 
( ) ( ),, 2

*
1

1
SS HHFqpc −=      (8) 

where c(p,q) is the discrete two-dimensional cross-correlation between the sub-
images, F-1 is the inverse Fourier transform, HS1 and HS2 represent the Fourier transform of 
the sub-images and * denotes complex conjugate. The location of the maximum value of 
c(p,q) gives the mean displacement between the sub-images expressed in integer pixels. 
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2. Test specimen  

The composite material object of our analysis was specifically designed with the autoclave 
bag technique using the same materials for the building panels. In our case, the same type 
of panels was used in the AW 109 Agusta LUH and Mc Donnel Douglass models. The 
specimen, provided by S.E.I. (Servizi Elicotteristici Italiani) S.p.A., has size of 27,5 cm x 
17 cm x 7 cm and consists of an aramidic honeycomb core with fibreglass skin on one side 
(side to be painted) and alternating of twill sheet 77/81 and carbon-ROSEL both for the 
order that for the orientation (-45, +45). On the opposite side to be painted, shown in Figure 
6b, there is a greater surface roughness. 

Inside the specimen were placed two defects (C1 and C2): the first (C1) is a sheet of 
polyethylene that simulates a disconnect matrix/fibre (inclusion) and the second (C2) is a 
detachment achieved by interposing between the last fibers/matrix layer a Teflon frame. 

3. Comparative results  

The test specimen was inspected by square pulse thermography using two halogen lamps. 
The heating time was 180 s and the cooling time was 420 s. Figure 5 shows selected results 
obtained by PCT. Results in the first row were obtained by processing the heating phase 
exclusively, i.e. the first 180 s. In these images, both defects (C1 and C2) can be detected. 
EOFs in the second row were obtained by processing data during cooling exclusively, i.e. 
the last 420 s. As can be seen, although defect visibility is reduced both defects can still be 
seen (Figure 5c). Lastly, the third row presents the results obtained by processing the 
complete sequence, heating and cooling, i.e. 600 s. Defects can be seen with good contrast 
in Figure 5e. Interestingly, Figure 5f provides an indication of the different nature of 
defects C1 and C2. This can be useful to differentiate between internal defects. 

 
Figure 3. Selected PCT results. First row, obtained by processing the heating sequence exclusively 

(first 180 s): (a) EOF2 (b) EOF4. Second row, from the cooling period exclusively (420 s) (c) EOF1 (d) EOF4. 
Third row, using the whole sequence (180 s heating + 420 s cooling): (e) EOF2 (f) EOF7. 

 
(a) (b) 

 
(c) (d) 

 
(e) (f) 
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The test with DSP technique was conducted using a 500 W lamp in transmission 
mode with a heating lasted 4 minutes, reaching a temperature near the defect C1, measured 
with a thermocouple, of 34 °C. The initial room temperature and the RH were of 19 °C and 
38%. Given the highly dissipative nature of the material, was recorded one frame every 
second to avoid the loss of “information-strain” between one frame to another. The test on 
the C2 defect was conducted as the previous, moving the speckle front on the latter defect. 

Figures 6a, 6c – 6e have been obtained by comparing the frame with the specimen 
at room temperature and after a heating of 15 seconds. 

 
Figure 6. (a) elaboration of the vector field with MatPiv© for the defect C1, (b) front side of the test 

specimen, (c) elaboration of the vector field with MatPiv© for the defect C2, (d) 3D result for the defect C1, (e)  
3D result for the defect C2. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Looking the Figure 6d and e, we can see also the shape of the defects included in 
the specimen: this is a good indicator of the surface deformation after 15 seconds from the 
start lamp. 

4. Conclusion 

TNDT can be deployed to inspect parts made from composite materials. In fact, there are 
three key aspects to consider. First, TNDT is a border technique, so it is mostly sensitive to 
defects close to the surface. This is, however, a vague statement, since it depends on the 
material of interest. In our case, studies indicate that it is possible to reveal defects buried 2 
mm under the surface in the case of strongly anisotropic CFRP composites. The same 
consideration is also for DSP technique. The second aspect to consider is the defect itself, 
thermal properties of which have to be different from the surroundings to enable detection. 
As a general rule, TNDT is sensitive to voids, inclusions (defect C1 in Figure 6b), cracks, 
and delaminations (defects C2 in Figure 6b) and this work confirms this assumption. 
Finally, the problem of TNDT is surface emissivity. In fact, with emissivity below 0.2, 
direct detection of relevant temperature difference is not possible, therefore is essential the 
post-processing analysis with dedicated algorithms such as PCT, shown in this work. 
Provided that these three factors are under control, TNDT is possible [1]. 

Considering the gravity of a damage for composite materials applied in aerospace 
structure and, taken into account the obtained results, ONDT and TNDT confirm the 
importance of the integration and the application on such materials, with the purpose to 
identify the greatest number of present defects. 
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DSP technology, although primarily used in the laboratory, has provided good results 
identifying two common defects types in these innovative materials. On the other hand, 
SPT allowed to detect and identify the two different defect materials. This is encouraging 
for the future proper defect characterisation of internal defects. 
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