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Non-linear frequency modulation infrared thermal wave detection system was 
established to detect and analyze debonding defects of different sizes of CFRP 
laminates. Principal component analysis, thermal signal reconstruction, and total 
harmonic distortion are used to process the infrared image sequence collected by 
thermal imager, and the processing effect is evaluated by signal-to-noise ratio. 
Compared with the other two image sequence processing algorithms, principal 
component analysis has better effect, can effectively improve the signal-to-noise 
ratio, and the defect edge in the processed image is clearer. 
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Introduction 

The CFRP is widely used in aerospace, automobile industry, petroleum industry and 

ship industry because of its excellent heat resistance, low thermal expansion coefficient [1, 2] 

and high specific strength. During the preparation and service process of CFRP laminates, due 

to the influence of manufacturing process, cyclic stress and impact damage, it is easy to form 

defects such as interlayer delamination, surface scratches, matrix cracks and debonding [3]. 

These defects seriously affect the performance of CFRP. Therefore, it is necessary to use 

non-destructive testing technology to detect CFRP defects. 

Active infrared thermal wave non-destructive testing technology is to apply control-

lable thermal excitation to the detected object, collect surface temperature data by infrared 

thermal imager, analyze and process the collected infrared image sequence, so as to realize 

the rapid detection of internal defects of materials. According to the type of excitation source, 

infrared thermal wave detection methods are classified into pulse method [4, 5], phase-locked 

method [6], linear frequency modulation method [7], and non-linear frequency modulation 

method and two-phase coding method [8]. 
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Non-linear frequency modulation (NLFM) infrared thermal wave detection is a new 

non-destructive testing method that uses NLFM signal modulation excitation to detect speci-

men defects. Compared with the traditional linear frequency modulation (LFM) infrared 

thermal wave detection, the signal can obtain lower sidelobes without weighting processing, 

which can effectively improve the image signal-to-noise ratio (SNR). The NLFM signal used 

in this paper is obtained by logarithmic frequency modulation. Because the frequency of 

thermal excitation applied to the surface of the specimen is logarithmic, it can effectively 

solve the problem of poor detection effect of pulse method and phase-locked method on dif-

ferent depths and different types of defects [9]. 

In this paper, the debonding defects of CFRP laminates with different diameter and 

depth are detected and analyzed by using NLFM infrared thermal wave detection method, and 

the infrared image sequences collected by thermal imager are processed by principal component 

analysis (PCA). Finally, the debonding defects of CFRP laminates are detected successfully. 

Detection principle and test system construction 

The NLFM infrared thermal wave detection system is built, as shown in fig. 1. The 

peak power of a single halogen lamp is 1000 W, the infrared thermal imager model is FLIR 

A655SC, the pixel resolution is 640 pixels × 480 pixels, and the data acquisition card model is 

NI-USB6259BNC. The principle is that the data acquisition card collects NLFM excitation 

signal sent by the computer and sends the collected signal to the dimmer, which controls the 

halogen lamp to emit energy light wave to generate temperature difference on the surface of 

CFRP laminates. Finally, the infrared thermal imager is used to collect surface temperature 

data of CFRP laminates and sends it to the computer. Data analysis software is used to pro-

cess the collected data and finally achieve the purpose of identifying defects. If the heat flow 

is composed of static component and dynamic component, the heat flow excitation formula of 

NLFM (logarithmic frequency modulation) reads [10]: 
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where q(t) is the surface heat flux density, qmax – the peak of surface heat flux density, qS – 

the static component of surface heat flow, qD – the surface heat flow component, T – the 

modulation time of NLFM modulation signal, fe – the termination frequency, fs – the initial 

frequency, and j0 – the initial phase. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Infrared thermal wave                         Figure 2. Diagram of CFRP laminates 

testing system 



Tang, Q.-J., et al.: Non-Linear Frequency-Modulated Infrared Thermal Wave … 
THERMAL SCIENCE: Year 2023, Vol. 27, No. 1B, pp. 545-552 547 

Test 

Specimen preparation 

In order to study the ability of NLFM infrared thermal wave non-destructive testing 

technology to detect debonding defects of CFRP laminates with different diameters and 

depths, CFRP laminate specimens are designed as shown in fig. 2. 

Test parameters 

The halogen lamp power was set to 2000 W, the initial frequency of NLFM signal 

was set to 1 Hz, the termination frequency was set to 0.06 Hz, and the modulation time was 

set to 13 seconds to apply heat flow excitation to the specimen. Set the sampling frequency of 

the thermal imager to 20 Hz and the sampling time to 20 seconds to collect the surface tem-

perature of CFRP laminates. 

Test results and analysis 

The NLFM heat flow excitation is applied to the CFRP laminate specimen to obtain 

the original heat map at different times. 

It can be seen from fig. 3 that after the heat flow excitation is applied to the surface 

of the CFRP laminate specimen, the defect is detected at 5 seconds, but the defect detection 

with a depth of 1.5 mm is more blurred. At the 10
th
 second, the defect at 1.5 mm was gradu-

ally detected, and the defect detection results at 15 seconds were more obvious than before. 

The 20
th
 second began to appear transverse thermal diffusion, defect detection showed fuzzy. 

 

 

 

 

 

 

 

 

 

 

Figure 4 shows the influence of debonding defects of different diameths and depths 

on surface temperature difference of CFRP laminates. Figure 4(a) shows that for debonding 

defects of the same depth, the larger the diameter is, the more heat accumulated at the 

debonding defects due to heat insulation will be, and the temperature difference will be more 

obvious. It can be seen from fig. 4(b) that in the case of the same defect diameter, the shal-

lower the distance from the excitation surface of the debonding defect location, the larger the 

temperature difference will be. 

The test data were normalized 

In order to ensure that subsequent different image sequence processing algorithms can 

be compared in the same order of magnitude, all test data are normalized. Here, we present: 
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Figure 3. Original heat maps at different times; (a) 5 seconds, (b) 10 seconds, 
(c) 15 seconds, and (d) 20 seconds 
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where G is the normalized test data, G0 – the original test data, Gmax – the maximum of the 

original test data, and Gmin – the minimum of the original test data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Image sequence processing 

Thermal signal reconstruction 

Thermal signal reconstruction (TSR) is a polynomial fitting process in the logarith-

mic domain for the selected infrared image sequence to optimize the image quality and im-

prove the defect contrast. The TSR modeling process [11] is as follows. 

First, the difference between the temperature of the excitation surface after heating 

and the initial temperature before heating, DTsurf(t), is expressed: 
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Transform the temperature difference DTsurf(t) into the logarithmic domain reads: 

  0

surf

1
ln ( ) ln ln( )

2

q
T t n

e


 
   

 
       (4) 

The logarithmic domain change of temperature response of a single pixel point can 

be expressed by n-order polynomial fitting: 
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On the basis of logarithmic domain, the first and second derivative are, respectively, 

taken to obtain images of low-order coefficients and high-order coefficients. This implies 

that: 
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Figure 4. Influence of debonding defects of different sizes on surface temperature; 
(a) different diameters and (b) different depths 
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where q0 is the energy absorbed by the surface, e – the thermal emissivity of the material, and t 
– the time. 

The results after TSR processing are shown in fig. 5. Figure 5(a) is the logarithmic 

fitting result of polynomial, fig. 5(b) is the logarithmic fitting result of first-order differential 

polynomial, and fig. 5(c) is the logarithmic fitting result of second-order differential polyno-

mial. Through comparison, it can be seen that the second-order differential improves the con-

trast of infrared images and more defects can be detected, but some defect-free areas appear 

noise, resulting in blurred edges of detected defect images. 

 

 

 

 

 

 

 

 

 

 

 

Principal component analysis 

Rajic et al. [12] proposed that principal component analysis (PCA) could be used to 

filter part of noise signals and extract image features. There are two methods to solve princi-

pal components in PCA, one is eigenvalue decomposition covariance matrix, the other is sin-

gular value decomposition (SVD) decomposition covariance matrix. The SVD decomposition 

covariance matrix is used to solve the principal components. Generally, A frame of infrared 

heat map can be represented by an I ´ J matrix Ck, that is to say: 
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where k is the number of frames in the infrared image sequence. 

If PCA algorithm is applied to infrared heat map data, 3-D infrared heat map matrix 

representing time and space changes must be transformed into 2-D matrix D. The covariance 

matrix E is obtained by normalization of matrix D, and its eigenvalues are obtained by SVD 

decomposition of matrix E, i.e.: 

TE URV             (10) 

where U is the eigenvector matrix of dimension P ´ Q, R – the diagonal matrix of Q ´ Q, 

where elements greater than or equal to zero represent the singular value of matrix E, and V
T
 – 

the transpose of matrix Q ´ Q. The eigenvector matrix U was transformed into the inverse 

Figure 5. The TSR processing result graph; (a) logarithmic fitting, (b) first-order differentiation, 

and (c) second-order differentiation 
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process of vectorization, and the image matrix Fm of each principal component was obtained 

by SVD decomposition, namely: 
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where m is the corresponding principal component number. 

The first principal component obtained from PCA is shown in fig. 6. It can be seen 

from fig. 6(a) that PCA algorithm has good noise reduction ability, and the noise caused by 

twill noise on the surface of some CFRP laminates and transverse thermal diffusion of defects 

is removed, and the defect edge is more obvious. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Total harmonic distortion 

Total harmonic distortion (THD) adopts the idea of microelectronics. Because the 

system is not completely linear, the output signal has an extra Harmonic component than the 

input signal, resulting in signal Distortion [13]. Therefore, THD algorithm is used to quantify 

the amount of harmonic distortion or noise in the signal. 

The THDP can be defined: 
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Another way to get the total harmonic distortion using amplitude ratio is defined: 
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In order to apply total harmonic distortion to infrared thermal imaging, eq. (3) is 

transformed into Laplace transform to obtain the frequency response relation of defect-free 

region under ideal state, that is to say: 

Figure 6. Results of PCA; (a) 2-D diagram and (b) 3-D diagram 
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where Pn is the power of the NTH harmonic, Fpeak – the voltage of the NTH harmonic, and 

Q(z,s) – the Laplace transform of the temperature T(z,t) perpendicular to the excitation surface. 

Compared with the THD method shown in fig. 7, it can be found that the effect of 

Fpeak treatment is better, and the detected defects are more obvious. Compared with the origi-

nal image, part of the noise is filtered out, and the image quality is improved. 

 

 

 

 

 

 

 

 

 

 

Evaluation of infrared image sequence processing algorithm 

In order to compare the effects of different image sequence processing algorithms, 

as shown in fig. 8, the rectangular area at the center of the debonding defect of CFRP lami-

nates and the rectangular area without defects are selected to define the SNR for analysis. 

This implies that: 

d d f

p

p

M M
SNR




           (15) 

where SNRp is the SNR of the image with the best contrast after processing by the image pro-

cessing algorithm, dM  – the average pixel value corresponding to the defect area, dfM – the 

average pixel value corresponding to the defect-free region, and sp – the standard deviation of 

the pixel value corresponding to the defect-free area. 

From fig. 9, it can be seen that, compared with the other two image sequence pro-

cessing algorithms, PCA has stronger noise suppression ability, higher SNR of processed 

images, more obvious defect edge display and stronger defect detection ability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Results of total harmonic distortion method; (a) THDP, (b) THDA, and (c) Fpeak 

     Figure 8. The SNR ratio reference area                 Figure 9. Calculation diagram of SNR 
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Conclusion 

In order to detect debonding defects of CFRP laminates, a non-linear frequen-

cy-modulated infrared thermal wave detection system was established. The NLFM signal 

modulates the halogen lamp, and the halogen lamp emits energy light wave to generate tem-

perature difference on the surface of CFRP laminates. Infrared thermography is used to col-

lect surface temperature data of CFRP laminates. Aiming at the problem of noise interference 

in the collected heat map sequence, this paper adopts PCA, TSR, and THD to process the 

image sequence. By calculating the SNR of the result images processed by the three algo-

rithms, it can be seen that PCA has the highest SNR compared with the other two algorithms 

and can effectively improve the extraction of specimen defect information. 
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Nomenclature 

T – modulation time, [s] 
fs – initial frequency, [Hz] 

fe – termination frequency, [Hz] 
j0 – initial phase, [–]
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