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Abstract 

Composite patches are used to repair of the damaged metal and composite structures in different industries. Assessment 

of the repaired structure is challenging in order to ensure the restoration. The thermography technique is one of the most 

powerful non-destructive testing methods that is used to survey the repaired structures. In the present study, the defects 

of the de-bonding type between the based aluminum structure and the carbon/epoxy patch made by 4 layers with layup 

configuration [04] have been investigated by step heating thermography method. Defects locate close to the patch edges 

because it is more likely that debond onset in a repaired structure at edges in practice. Furthermore, detection of the 

edge defects is more difficult than the middle defects because of edge effects. The step heating thermography results 

have been processed by using principle component analysis (PCA) approach and increased contrast. Finally, the results 

of the experiment and simulation are compared and good accuracy has been obtained in step heating thermography and 

PCA algorithm. 
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1- Introduction 

In all industries, the performance of different structures, especially composite structures, may be affected by some 

factors. Structural damages may occur during the manufacturing process (including voids or weak joints), mechanical 

loads (including impact), or under the environmental effects (including moisture and heat). Structural repairing science 

has been widely founded in the various industries. Mostly, repairing of metal and composite structures is done by using 

composite patches due to providing of acceptable strength in the desired direction. Of course, it should be noticed that 

metal patches are also used for metal structures but the most commonly used repair methods in the industry could be 

considered as using composite patches. 

The first subject in any structural repairing technique is the preservation of the strength and rigidity of the equipment to 

perform its initial duty as much as possible. Inspection of a healed structures is a critical operation that needs to be done 

to assess the quality of the reparation and patch connection. Substrate damage in composite materials can be in the form 

of matrix cracking, fiber-matrix debonding, fiber breakage, and delamination with various dimensions from a few 

microns to several centimeters. 

Repairing types and features may change the characteristics of the healed structure. Mechanical properties of the 

modified structure have been reported in many studies [1-4]. The results of these literates indicate that the patches have 

a significant influence on the defective structures. Mechanical energies transition from damaged areas of based 

construction to the patch is the main reason of increasing the structural life. In the case of patch debonding, the stress 

transition does not occur correctly and the repair efficiency is severely affected. Since there is a serious challenge in 

existence of damage in the repaired structures, there are also many types of research which were investigated on the 

suitable construction methods to reduce the probability occurrence of common defects in the patches and its joints. For 

example, Jukic et al. [5] have been provided researches to achieve the best implementation of the patch joints process. 

Nevertheless, the defect forming amongst the manufacturing procedure is inevitable. Sublekin et al. [6], have 

investigated on the way of changing the fatigue behavior of cracked aluminum panels which were repaired with 

aluminum patches in experimental and analytical methods. The results show that each of these factors significantly 

reduces the total life of the repaired structures. As a result, a proper inspection is essential to ensure perfect connection 

of the patches to the construction. It is also important to determine the dimensions and location of the damaged area to 

predict the total life of the structures. 

Thermography technique can be used to detect voids, debonding, liquid penetration or pollution, foreign objects and 

fractured or damaged parts. Usually, Thermography techniques have the capability to detect the surfaces or near to the 

surfaces imperfections. Because the effect of near to surfaces defects is greater in changing the surface temperature 

distribution of the structure. This non-destructive test method is based on the principle that the heat flow changes in a 

material with some non-uniformity. These changes in the heat flow lead to a local temperature difference in the 

material. Finally, the measurement of detected damages can be done using some image processing and data analysis 

methods [7]. 

In the Thermography technique, the temperature gradient is measured to detect the damages which can either be passive 

or active. If the passive thermography technique is used for the materials which have a different temperature with their 

surroundings, active Thermography or rapid heating to the surface of the equipment is carried out using an external 

source and an examination of how to reduce the temperature with time. The thermography technique is suitable for 
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inspection of the composite structures due to the fact that the composite materials have a low thermal conductivity. In 

the case of subsurface damages in composites (such as delamination, debonding, cracks or moisture), local heat 

conduction changes the appearance of the temperature gradient within the damaged area. Thermography technique has 

the ability to identify the sub surface’s imperfections in a wide area. Thermography is an appropriate technique for 

inspecting repairing patches. 

In this work, the defects of the de-bonding type between the based aluminum structure and the carbon/epoxy patch 

made by 4 layers with layup configuration [04] have been inspected by step heating thermography method. Disbond 

defects are close to the patch edges, which was not evaluated by other researchers, whereas in practice it is more likely 

that initiation of de-bonding in a repaired structure on edges. 8 defects with various positions and dimensions were 

considered to investigate the effects of size on the detection ability of the test. Also, an experimental procedure was 

used to evaluate the accuracy of the numerical data. For this purpose, temperature changes in the patch surface related 

to de-bondings were compared with the corresponding finite element modeling results. The step heating thermography 

results have been processed by using one post processing technique. Finally, the results of the experiment and numerical 

data are compared. 

2- Heat transfer principles 

The model for in this study contains six layers (four composite layers, one adhesive layer, and one aluminum layer). 

Due to symmetric planes in the model, the heat conductivity coefficient, kij matrix, are reduced to five none zero 

components as in Eq. (1) (Considering z-axis as the out-of-plane direction): 

���� ��� ������ ��� ������ ��� ����
��		��	���	����	����	������������������� ���� ��� 0��� ��� 00 0 ���� 

 (1) 

According to Eq. (2), each layer satisfies the transient heat transfer equation separately: 

��� ������ + ��� ���� � + 2��� ������ + ��� ����"� = $%& ���'  (2) 

Where k is the ratio of heat conductivity and Cp is the heat specific capacity. For each contact surface between the nth 

and (n+1)th layers, Eq. (3) is established 

�( )�,  , ℎ2, = �(-. )�,  , − ℎ2, 

���( ��(�" )�,  , ℎ2, = −���(-. ��(-.�" )�,  , − ℎ2, 

(3) 

Where h is the thickness of the layer. For contact with air in each surface that is free boundary condition, one can write 

Eq. (4). 

−)��� ���� + ��� ��� , = ℎ. )�0 − �1±3�,�,�4, + 56 7� )±82 ,  , ",9 − �09: 

−)��� ��� + ��� ����, = ℎ� )�0 − �1�,±3�,�4, + 56 7� )�, ± 82 , ",9 − �09: 

−)��� ���", = ℎ; )�0 − �1�,�,±3�4, + 56 7� )�,  , ± 82,9 − �09: 

(4) 

Eq. (4) relates to six lateral free surfaces that contact with ambient. In this equation, �0 is the ambient temperature, h1,2,3 

are the air convection coefficients in free surfaces x, y, z and 5  is the emissivity of the composite surface and 6 is the 

Stephan-Boltzmann constant. 
One can use transformation tensors to transform the coefficients of heat transfer from the axis of reference to other 

desired. The matrix off-axis components of heat conductivity coefficients can be calculated as Eq. (5), in which k1,2,3 are 

the principal heat conductivities of the composite layer: 
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Where D = sin	LMN, C = cosLMN and M is the angle of fiber direction relative to the x-axis. This angle is zero for the 

present study, therefore: 

<==
>������������ ?@

@A = B�.��0�;F (6) 

In order to calculate the temperature distribution function of the model, these equations must be solved simultaneously. 

Details of finite element modeling will be discussed, in next section. 

3- Finite elements modeling 

In the present work, the composite laminate was fabricated by six layers: An aluminum plate with 2 mm in thickness, an 

adhesive layer with a thickness of 0.125 mm and a carbon/epoxy laminate with a stacking sequence of [04]. The total 

thickness of laminae is 1 mm. The dimensions of based aluminum and its patch are 300×170 mm
2
 and 150×50 mm

2
, 

respectively. The investigated defects in this model are the disbond type which were located in the edges of the patch. 

The finite element modeling is carried out by Abaqus software. The dimensions, shape, and positions of these defects 

have been shown in Fig. 1 and also the overall model has been illustrated in Fig. 2.  

 

 
Figure 1. The patch containing eight flaws. All dimensions are in millimeters. 

The defects have been labeled from 1 to 8 inside their region. 

 

 
 

Adhesive 
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Figure 2. The overall model of aluminum and patch.  

 

The thermal properties of composite, adhesive, aluminum and defects which is used in the FE modeling have been 

tabulated in Table 1. One halogen lamp was used for heating of the sample surface. The nominal power of this lamp is 2 

KW and its produced heat flux is about 1400 W/m
2
. The suitable time of applied heat flux was selected seven seconds 

[8, 9]. The function of the applied heat flux has been shown in Fig. 3. According to measured temperature in 

experimental conditions, applied ambient temperature was reached to 32.5 
o
C. Also, heat transfer of convection and 

radiation were considered for all surfaces. The emissivity coefficient 5 of carbon/epoxy patch and aluminum plate were 

assumed to be 0.95 and 0.09, respectively. The coefficient of heat transfer h was considered to be 20 W/(m
2
K). 

 

Table 1. The thermal properties of utilized materials. 
(K) Conductivity 

(W/K.m) 

Heat specific capacity (Cp) 

(j/kg.k) 

Density (ρ) 

(kg/m3) 
Material 

K3 K2 K1 
900 1600 Carbon/epoxy 

0.5 0.5 5 

250 900 2700 Aluminum 

0.2 1100 1100 Adhesive 

0.025 1 1.2 Air 

 

 
Figure 3. The function of the applied heat flux for FE simulation. 

 

The mesh modeling plays a crucial role in this simulation. The geometry has been divided to appropriate and smaller 

segments to acquire appropriate solutions and convergences, preliminary (Fig. 4(a)). Ultimately the bulk number of 

elements is 60480 and the element type of the model is linear hexahedral elements of DC3D8 type. This element type is 

considered as a common heat transfer 3d solid element. Final mesh algorithm has been illustrated in Fig. 4(b). 

 

 

 

(b) (a) 
Figure 4. (a) Partitioned plan of the model (b) Final meshed model 
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3.1- Results of FE modeling 

The temperature contours are shown in Fig. 5 for the composite surface at different time steps and the units of the 

temperature are in centigrade. According to Fig. 5, it is clear that the temperature contours have been dispersed with the 

time. Hence the best contour based on clarity of defects margin is at initiation times, but the temperature difference 

between the region of intact and defected is not perceptible sufficiently such that a set infrared camera along with 

processing can detect them. Due to that, the seventh second seems to be proper and acceptable. Also for furthered 

seconds of this time, scattering has been increased and the defects border is not detectable. At the contour of the seventh 

second, the smaller disbands (5×5 mm
2
) are difficult to recognize. 

.  

 

 
3rd second 

 
4th second 

 
5th second 

 
6th second 

 
7th second 

 
8th second 

 
9th second 

 
10th second 

Figure 5. The temperature contours (oC) of the composite surface at different seconds. 

 

4- Post processing technique 
Principle component analysis (PCA) approach involves the application of singular value decomposition [9] and that 

used in this study. The thermal image sequence is a three-dimensional (3D) matrix of image, A, consisting of P image 

frames with M×N pixels per frame [10], which is defined as follows: 

Q& = GR.. ⋯ R.T⋮ ⋱ ⋮RW. ⋯ RWTH , X = 1,2, … , Z (7) 

Early, according to Eq. (8) the 3D matrix Q& into a two-dimensional (2D) vector X:  

�& = LR..…RW.…R.T …RWTN[ 	,1,2, … , Z → ] = L�., ��, … , �&N (8) 

Where �& is achieved by stacking each image frame by column and dimensional of matrix X is [MN×P]. In order to 

reduce effects of side, a normalization operation is applied on the matrix X. Finally, in order to achievement to 

decreased standardized matrix (]̂), singular value decomposition is used: 
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]̂ = _Γa[ (9) 

Where Γ is a diagonal matrix containing the singular values of the matrix ]̂, and U and V
T
 contain the left and right 

singular vectors of A. the matrix _ consists of orthogonal basis functions that describe the spatial variations of data and 

the V
T
 can be used to determine the defect depths because it contains the behavior of corresponding characteristic time. 

5- Experimental 

In order to investigate the results of finite element modeling section, a specimen similar to the repaired structure and 

according to the model was prepared. According to hand layup method, the carbon/epoxy specimen was manufactured. 

Huntsman LY 5052 epoxy resin, unidirectional carbon fiber of type SikaWarp 230C and a 2024-T3 aluminum plate 

have been used. The thermal camera was of the IR928+ type, from Wuhun Guide Infrared Technology Co. The camera 

has focal plane array, uncooled microbolometer 320×240 detector, that has a sensitivity of 0.08 
o
C with an accuracy of 

2% and operates at 8-14 mm spectral band. The frame rate of this camera was 25 frames/s. Final specimen and 

configuration of step heating thermography have been illustrated in Fig. 6. The suitable distance between the camera 

and the specimen was about 75 cm. 

 

 
Figure 6. Step heating thermography configuration. 

 

6- Results and Discussion 

In this section, the results of experimental and simulation are compared. Thermal image of the patch selected from the 

thermal film by the infrared camera has been shown in Fig. 7. 

 

 
Figure 7. Thermal image of the patch before post processing. 

 

In order to investigate the composite temperature variations, the nodes temperature along the paths which have been 

demonstrated in Fig. 8 (middle images) were saved in the seventh second. 

 

Infrared camera 

Aluminum 

Composite patch 

Specimen 

Lamp 
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(a) Results of experiment (b) Results of simulation (7th second) 

Figure 8. Thermal image of the patch before post processing. 

For better comparison of the results, according to middle images of Fig. 8, two paths have been selected which one of 

them is located at the above defects (defects of 1, 2 and 3 in Fig. 1) and other is located at the bottom defects (defects of 

4, 5, 6, 7 and 8 in Fig. 1). In Fig. 8(a), in order to improve the temperature curve behavior related to the test, the filtered 

curve has been displayed in addition to the exact results curve. 

As can be seen by comparing obtained plots from simulation and experiment that dispersion of temperature contour in 

the experiment is more than the simulation. According to the temperature plot related to the bottom path in Fig. 8(b), It 

can be observed that the peak of the fifth defect is minimum and it seems that recognition of them is more difficult in 

the experiment. The difference in the results of the simulation and the test is due to the thermal flux difference which 

was applied to the specimen since the released heat flux from the lamp cannot be accurately determined. Another reason 

for the differences in the results is probably due to non-uniformity created during construction, noise and other 

environmental factors. Eventually, there were acceptable agreements between experimental and numerical results. 

Defects detection of the specimen in Fig. 7 is possible by image processing and the algorithm of post processing 

technique because the resolution of the image is very low and the defects are not recognizable. Beginning image convert 

to grayscale. Then, according to the section of post processing technique, the PCA algorithm has been applied to the 

grayscale image and the exact position of the defects is added. In order to improve and increase of image contrast, the 

yield image of applying the PCA algorithm enhanced contrast using histogram equalization that is used by the special 

operator in the Matlab software. The final image has been shown in Fig. 9. According to Fig. 9, it can be seen that 

detected defects are larger than their real size because of heat scattering in the specimen and also the maximum ability 

of the infrared camera, the PCA algorithm and experimental errors. As can be seen, all of debondings have been 

detected, approximately. 

 

 
Figure 9. The final image of the patch after processing. 

 

So the PCA algorithm as a post processing technique could be considered as an efficient way to inspection of repairing 

patch. 

7- Conclusions 

Top path 

Bottom path 

Top path 

Bottom path 
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Composite patches are used to repair the defective structures in different industries that inspection of the repaired 

structure is challenging in order to ensure the restoration. The thermography technique is one of the most applicable and 

the fastest non-destructive testing methods that are used to survey the repaired structures. In this paper, the defects of 

the de-bonding type between the based aluminum structure and the carbon/epoxy patch made with layup configuration 

[04] have been inspected by step heating thermography method. The embedded defects close to the edge were 

recognized well. Detection of the edge defects is more difficult than the mid defects because of edge effects. Heat 

transfer of edges may affect on the thermal image in the thermography techniques. The step heating thermography 

results have been processed by using principle component analysis (PCA) method and increased contrast. It can be seen 

that detected defects are larger than their real size and which is due to heat scattering in the specimen and also the 

maximum ability of the infrared camera, the PCA algorithm and experimental errors. It is noteworthy, of course, all of 

debondings have been detected, even smallest defects that it shows the power of PCA algorithm. Ultimately, the results 

of the experiment and simulation compared and good accuracy obtained in step heating thermography and PCA 

algorithm. 
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