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As one of the important structures of composite materials, polymethacrylimide
(PMI) foam sandwich structure is prone to debonding and delamination defects
during manufacturing and service, which seriously affects the mechanical prop-
erties of materials. Therefore, it is necessary to detect the defects of foam sand-
wich structure. A linear frequency modulation infrared thermal wave nondestruc-
tive testing system was built to study the correlation between the geometric char-
acteristics (diameter and depth) of the defect and the surface temperature signal
and its influence on the detection effect. The image sequence is processed by
principal component analysis, discrete Fourier transform, thermal wave signal
reconstruction, and other algorithms. Studies have shown that the larger the de-
fect diameter, the shallower the depth, easy to detect defects, detection effect is
good. The detection system can effectively detect and identify debonding and de-
lamination defects. The thermal wave signal reconstruction method is superior to
the principal component analysis method and the discrete Fourier transform
method in the signal-to-noise ratio index, which improves the quality of the image
and is conducive to the effective identification of the image surface defect infor-
mation.
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Introduction

Advanced foam cores such as PMI foams [1, 2]. It is widely used in aerospace,
medical equipment, radar antenna covers and other fields because of its light weight, high
specific stiffness, good heat preservation and heat insulation performance, and the ability to
meet the use requirements under specific conditions by selecting appropriate panels, core
materials and adhesives [3]. The PMI foam sandwich structure has many steps in the produc-
tion process, the process is complex, and the service environment is relatively harsh, the
composite layer between the foam and the skin is prone to curing, resulting in defects such as
delamination and debonding. Seriously affect the mechanical properties of materials. If the
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material defects cannot be accurately and reliably detected, the development of defects will
affect the service life of the material and even threaten the safety of human life. Therefore, it
is necessary to detect the defects of foam sandwich structure effectively [4].

Infrared thermal wave non-destructive testing is a new detection technology [5].
Compared with conventional detection technology, it has the characteristics of non-contact,
fast detection speed, large area, high detection accuracy and intuitiveness. It is widely used in
aerospace, railway, medical, mechanical, petrochemical and other fields.

In this paper, the excitation method of linear frequency modulation (LFM) infrared
thermal wave non-destructive testing is used to detect the PMI foam sandwich specimens with
debonding and delamination defects. The LFM infrared thermal wave non-destructive testing
system is built. The correlation between the geometric characteristics of the defects and the
surface temperature signal and the influence on the detection effect are studied. The image
sequence is processed by three algorithms: principal component analysis (PCA), discrete
Fourier transform, and thermal wave signal reconstruction (TSR). The signal-to-noise ratio
(SNR) is defined to measure the effect of three algorithms on the feature extraction of PMI
foam sandwich defects.

The LFM infrared thermal wave non-destructive testing system

Test system

The LFM infrared thermal imaging is an active infrared thermal imaging using a
LFM signal. The advantage is that the thermal excitation is applied to the specimen through a
variable frequency, which overcomes the shortcomings of the traditional infrared lock-in
thermal imaging that can only detect the corresponding diffusion depth defects with a single
modulation, and can effectively detect the shape and size of defects in different depth ranges
[6]. Figure 1 shows the construction of infrared thermal wave non-destructive testing system.
The test system is mainly composed of three parts: excitation system, acquisition system, and
image sequence processing. The heat flow of LFM, mainly composed of static and dynamic
components, is given as [7]:
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where q(t) represents the surface heat flux, qmax — the surface heat flux peak, gs — the static
component of heat flow, gp — the dynamic component of heat flow, f, — the initial frequency, f,
— the termination of the frequency, T — the scan period, and t — the actuation time.
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Figure 1. Infrared thermal wave NDT test system Figure 2. Schematic diagram of
PMI foam sandwich structure
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Test equipment

The specimen is made of PMI foam interlayer and upper and lower GFRP skin
bonded by binder epoxy resin. Its size is 160 mm x 140 mm x 6.5 mm. Figure 1 is the infra-
red thermal wave NDT test system. Figure 2 is a schematic diagram of PMI foam sandwich
structure.

Influence of defect geometric characteristics

Effect of defect diameter

Under the conditions of output power, starting frequency, termination frequency,
acquisition time and sampling frequency of 1600 W, 0.1 Hz, 0.05 Hz, 20 seconds, and 20 Hz
respectively, the relationship between different diameters (10 mm, 8 mm, 6 mm, and 4 mm)
and temperature difference is obtained, as shown in fig. 3(a). Figure 3(b) is the first peak
temperature difference trend diagram corresponding to different diameters.
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Figure 3. Effect of defect diameter

It can be seen from the figure that the temperature difference corresponding to the
defect area increases first, then decreases and then increases with the action of the excitation
time. In the case of the same defect depth, the temperature difference at the defect is obvious
with the increase of the defect diameter, and the corresponding surface temperature difference
is larger. The first temperature difference peak corresponding to the defect diameter increased
from 4 mm to 10 mm also increased from about 5 to about 15. The increase in defect size
further hindered the heat transfer inside the specimen, so that most of the heat was accumu-
lated at the defect. Studies have shown that in the case of the same defect depth, the larger the

defect diameter, the greater the temperature difference at the defect, the more easily detected
defects.

The influence of defect depth

Under the conditions of output power, starting frequency, termination frequency,
acquisition time and sampling frequency of 1600 W, 0.1 Hz, 0.05 Hz, 20 seconds and 20 Hz,
the relationship between different depths (0.5 mm, 0.8 mm, 1.0 mm, 1.1 mm) and temperature
difference is obtained, as shown in fig. 4(a). Figure 4(b) is the first peak temperature differ-
ence trend diagram corresponding to different depths.

It can be seen from the figure that the temperature difference corresponding to
the defect area increases first, then decreases and then increases with the effect of excita-
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tion time. In the case of the same defect diameter, the shallower the defect depth, the
more obvious the temperature difference at the defect, and the larger the corresponding
surface temperature difference. The first peak temperature difference corresponding to the
change of the buried depth of the defect from 1.1 mm to 0.5 mm also increased from
about 2 to about 15 ; the shallower the buried depth of the defect, the easier it is to obtain
heat, and the less heat is lost when the heat is transferred inside the specimen. Studies
have shown that in the case of the same defect diameter, the shallower the depth of the
defect, the greater the temperature difference at the defect, the more easily the defect is
detected.
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Figure 4. Effect of defect depth

Image sequence processing

Principal component analysis

The PCA is a widely used data dimension reduction algorithm [8]. The steps of the
algorithm are:

— The heat map sequence composed of N frames of images is transformed into an m x n
dimensional matrix A. Figure 5(a) shows the time component A;, which is composed of
nyxn, rows and N columns. Figure 5(b) shows the spatial component, which is composed
of N rows and n,xn, columns.

— Make the difference between each row vector in matrix A and the average vector Amean
extracted from it is used to suppress noise.

— Solve the covariance matrix obtained by A — Anean Or perform singular value decomposition
on it.

— The principal components that can reflect most of the feature information of the image
sequence are selected from the feature vectors by sorting the contribution rate.
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Figure 5. Schematic diagram of PCA; (a) time component and (b) space component



Song, Y.-F., et al.: Linear Frequency Modulation Infrared Thermal Imaging ...
THERMAL SCIENCE: Year 2023, Vol. 27, No. 1B, pp. 483-490 487

Discrete Fourier transform (DFT)

The DFT is analyzed from the perspective of frequency domain. The signal is trans-
formed from the original time domain to the frequency domain, and the signal is regarded as
the superposition of many signals. The frequency characteristics, namely the amplitude and
phase information of the signal, can be obtained. Fourier transform is performed on the tem-
perature signal of each pixel in the image sequence collected by infrared thermal imager [9].
This implies that:
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where a(K) is the temperature value at pixel (x,y) on heat map, n — the serial number after
discrete frequency, and R, and I, are the real and imaginary parts of the complex number.
Equation (2) is used to calculate the amplitude and phase of n frequency. Here, we

A(n)=R?+12 and ¢(n) = arctan (lIQ_nJ (3)

Thermal signal reconstruction

Thermal signal reconstruction (TSR) uses synthetic signal technology to reconstruct
signals [10]. The TSR processes the time series of each individual pixel and transforms the
time response data into logarithmic domain for linearization. Thus, we have:

show:

In[AT, (t)] =In (q—:J f%ln(ﬂn) 4)

where ATg(t) is the temperature difference before and after surface heating and t is the time.
If image sequence can be reconstructed by the least square method, we get:

In[AT,(t)] = nNzoan [In®)]' (5)
If we take e index of the previous formulé for data reconstruction, then we present:
AT (1) = exp[nzN;an [In(t)]"] (6)
AT _ exp(ZN: na, [In(t)]"lj (7
dt pord
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Comparison of different algorithms in image sequence processing

In order to satisfy that the data under each parameter can be compared with each
other on the same magnitude, all the data are normalized. Thus, we show:

p= po - pmin (9)
pmax - pmin
where p is the normalized experimental data, po — the original data, pmi, — the minimum value
of po, and Prax — the maximum in py.
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The signal-to-noise ratio (SNR) [11] is defined as the evaluation standard of image
quality and the influence of different parameters on defect detection is measured. The expres-
sion is shown in eq. (10). Thus, we get:

[P -7

o

where P; is the mean value of crack zone feature, P. — the mean value of features in the
crack-free region, o — the standard deviation of eigenvalue in crack-free area, and SNR s the
signal-to-noise ratio.

The images with the largest SNR obtained after using three algorithms: PCA, dis-
crete Fourier transform (DFT) method, and TSR method are shown in fig. 6(a)-6(f) are 2-D
diagrams of PCA, DFT amplitude, phase, TSR exponential fitting, first-order and se-
cond-order.
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Figure 6. Processing diagram of various algorithms; (a) PCA-2-D, (b) DFT-2-D amplitude,
(c) DFT-2-D phase, (d) TSR-2-D exponential fitting, () TSR-2-D first-order, and
(f) TSR-2-D second-order

Image sequence is processed by different feature extraction algorithms, and the re-
sults are different. In order to evaluate the detection and recognition effect of PCA, DFT, and
TSR image sequence processing algorithms on the debonding defects of PMI foam sandwich
structure specimens, normalized images processed by the algorithm were processed and quan-
titative evaluation is carried out by the SNR. The results show that the original image is sig-
nificantly improved after PCA algorithm processing, the clarity of defects is displayed in
different colors, the difference between defect areas and defect areas is large, and the sig-
nal-to-noise ratio is large. The larger the defect diameter and the smaller the depth, the more
prominent the defect. After DFT processing compared with PCA, the noise effect in ampli-
tude figure is reduced, the SNR increases, can be seen from the defect of the third column
defect edge diffusion effect is better than that of the principal component, defect is relatively
clear, Fourier amplitude figure than phase diagram affected by noise is small, but the defect of
phase diagram shows clearer and geometric feature is more obvious. Compared with the other
two methods, the TSR algorithm can filter a large amount of noise interference, and the defect
edge area is clear, the geometric characteristics are more obvious, and the SNR is the highest.
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Figure 7(b) shows the SNR calculated according to the calculation method previously de-
fined. It can be seen from the intuition and evaluation indexes of the image processed by the
algorithm that the TSR method has better extraction effect on defect features and is more
conducive to defect identification.
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Figure 7. Region selection and Calculation of SNR

Conclusion

Aiming at the debonding defects of GFRP/PMI foam sandwich structure during ser-
vice, a LFM infrared thermal wave non-destructive testing system was built. The relationship
between the geometric characteristics (diameter and depth) of the defect and the surface tem-
perature signal and its influence on the detection effect were studied. The image sequence is
processed by PCA, DFT, TSR, and other algorithms. Studies have shown that the larger the
defect diameter, the shallower the depth, easy to detect defects, detection effect is good. The
TSR method is superior to the PCA method and the DFT method in the SNR index, which
improves the quality of the image and is conducive to the effective identification of the image
surface defect information.
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