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Aiming at the debonding defect of carbon fiber reinforced polymer laminates, an
infrared phase-locked thermal imaging inspection system was established, and
the influence of different defect diameter and depth parameters on the test was
analyzed. The principal component analysis algorithm and Karhunen-Loeve
Transform algorithm are used to process the image sequence, and the signal-to-
noise ratio is calculated. It is concluded that principal component analysis algo-
rithm can improve the image quality more. Gray enhancement and sharpening
filter are used to improve the image clarity, thus accurately segmenting the defect
features, and realize a clear and intuitive visual image.
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Introduction

Carbon fiber composite is a new type of fiber material with high strength and high
modulus, which contains more than 95% carbon, and has many excellent properties [1]. The
axial strength and modulus of carbon fiber are high, even harder than steel. Low density, no
creep, ultra-high temperature resistance in non-oxidizing environment, good fatigue resistance
and good corrosion resistance; It has good electrical and thermal conductivity, good electro-
magnetic shielding, small thermal expansion coefficient and anisotropy, etc., and is widely
used in industries, transportation, aviation, shipping and other fields [2].

Composite laminate refers to a molding process in which more than two unidirec-
tional layers impregnated with resin are stacked, in a specified way with a specific fiber orien-
tation to form a laminate, which is cured and molded into laminating machine under heating
and pressure conditions [3]. In the manufacturing and using process of processing, there are
some defects of carbon fiber reinforced polymer (CFRP) laminates: white spots, pockmarks,
air gaps, delamination, debonding, surface scratches, blackening of the core, whitening
around, sticking to steel plates, warping and uneven thickness [4].

Infrared thermal imaging detection technology is a new technology, which has the
characteristics of non-contact, non-destructive, fast, no coupling, large area, real-time, intui-
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tive image, and so on. It is widely used in aerospace, railway track, medical treatment, ma-
chinery, petrochemical and other fields, [5-7].

Infrared phase-locked thermal imaging test

Test system

The experiment consists of halogen lamps, light modulator, infrared thermal imager,
data acquisition card, and computer. Its working process is that the computer sends out sinus-
oidal signals, and the signals are received by the data acquisition card. The acquisition card
adjusts the light modulator, and the light modulator control two halogen lamps to emit energy
light waves. The infrared thermal image of CFRP laminates is obtained by the infrared ther-
mal imager. Its working principle is shown in fig. 1.

Specimen preparation

In order to study the influence of the size and depth of defects on the experimental
results, CFRP laminates with a size of 165 mm x 140 mm x 5.0 mm were prepared to simu-
late the debonding defects of CFRP laminates, and the specimens were laid in a single layer,
ignoring the influence of the laying mode on the experiment. Schematic diagram of CFRP
laminate is shown in fig. 2. and tab. 1 shows the defect size of CFRP laminates.
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Figure 1. Infrared thermal imaging test system Figure 2. Schematic diagram of
CFRP laminate structure
Table 1. Defect size of CFRP laminates
Line
Row 1 2 3 4 5
1 DA =10 DA=8 DA=6 DA=4 DA=2
DH=3 DH=3 DH=3 DH=3 DH=3
) DA =10 DA=8 DA=6 DA=4 DA=2
DH=2 DH=2 DH=2 DH=2 DH=2
3 DA =10 DA=8 DA=6 DA=4 DA=2
DH=1 DH=1 DH=1 DH=1 DH=1

where DA [mm] is the debonding diameter and DH [mm] is the debonding depth
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Influence of different parameters
on detection effect

The influence of defect diameter

Defect diameters of 10 mm, 8 mm, 6 mm, 4 mm, and 2 mm on the CFRP laminates
were studied by selecting the most suitable output power of 2000 W, phase-locked frequency
of 0.1 Hz, sampling frequency of 20 Hz and scanning time of 40 seconds.

Figure 3 is the temperature difference curve of different defect diameters. It is larger
for the diameter coming out the larger amplitude, the higher temperature and the greater tem-
perature difference, and the more obvious defect. The curve with a defect diameter of 2 mm
only little changes at about 2 °C. Therefore, for CFRP laminates with the size of 165 mm x
140 mm x 5 mm, the diameter of defects that can be detected is larger than 2 mm, and the
larger the diameter is, the easier it is to detect.

Defect depth

The effects of defect depth of 3 mm, 2 mm, and 1 mm on experimental results were
studied by selecting the most suitable parameters, such as output power of 2000 W, phase-
locked frequency of 0.1 Hz, sampling frequency of 20 Hz and scanning time of 40 seconds.

Figure 4 is a temperature difference variation curve with different defect depths. The
deeper the depth, that is, the closer the distance between the defect and the surface irradiated
by the light source, turing out the larger amplitude, the larger temperature difference, and the
clearer defect. The temperature difference curve with a defect depth of 1 mm has a smaller
amplitude and hovers between 1 °C and 2 °C. Therefore, the greater the defect depth is, the
more heat reflected by CFRP laminates is, and the better the defect detection effect is. For
CFRP laminates with a size of 165 mm x 140 mm x 5 mm, defects with a depth greater than 1
mm can detect the required effect.
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Choosing CFRP laminates with proper defect diameter and depth makes the temper-
ature difference between defect and non-defect area larger, which is convenient to identify de-
fects, and has more important significance for subsequent research and treatment.
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Image sequence processing
Theory

Principal Component Analysis Algorithm

Principal component analysis (PCA) is a mathematical method to reduce the dimen-
sion of data. Its basic idea is to try to recombine the original p indicators with certain correla-
tion into n (n < p) independent comprehensive indicators to replace the original p indicators.
Comprehensive index like principal component index, to the greatest extent, can not only re-
flect the information represented by the original variables, but also ensure that the new index-
es are independent of each other. Principal component index can be expressed by:

The amount of information extracted by each principal component can be measured
by its variance. The greater the variance is, the more information the principal component in-
dex contains do. Therefore, F1 selected from all linear combinations should be the largest var-
iance among all linear combinations of X;, Xz, ..., Xp, so F1 is called first principal com-
ponent. If the first principal component is not enough to represent the information of the orig-
inal p indicators, it will consider selecting the second principal component indicator F». In or-
der to reflect the original information effectively, the existing information of F; will not ap-
pear in Fy, that is, F> and F1 should remain independent and irrelevant, and the covariance
Cov (F1, F2) = 0 is expressed in mathematical language. The Fi, F,..., Fm constructed by
analogy are the first, second, ..., and m™ principal components of the original variable indexes
X1, X, ..., Xp [8], which can be expressed by:

)
Fn =am Xy +an X, ...+ ap, X,
Karhunen-Loeve transform algorithm
Given N-dimensional random variables are:
=[x % X ... %I A3)
The mathematical expectation of each random variable in the vector is:
m, = E(X) = (my,my,...m;,my )’ (4)
Thereby the covariance of the vector is:
U =E[(x -m)(x -my)'] (5)

The eigenvector g of the covariance matrix U corresponds to its k™ eigenvalue A, as
shown in eq. (6):

Ui = A@pc-wr-(k=0,...,N 1) (6)
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The U is a symmetric matrix, so its eigenvector ¢y is orthogonal and satisfies:

T _
{%QL_Q (k =1) -
oo 20, (k=1)

The unit orthogonal matrix ¢ obtained after normalization is shown in eg. (8), and
Satisfy the condition of eq. (9). Then N eigenvectors can be jointly expressed by eq. (10):

9=(90, @, Pn1) (8)
9 p=1 9
Uy = (@0, a1 Ay 10N 1) (10)
Then A is obtained by left multiplying ¢ on both sides of the formula (10):
'Up=A =diag(ly, 4y,... Ay 1) (11)

Given a 1-D random vector X, the Karhunen-Loeve (K-L) transformation of X can
be defined:

Y1 X
y X

2 — ¢)T :2 (l 2)
Yn Xy

That is, Y = ¢'X, and K-L transform is to project all components of X on gy to obtain
frequency domain yx, which changes with the change of each component in random vector X

[9].
Evaluation of processing effect of sequence algorithm

In this paper, the infrared thermograms obtained from the experiments with output
power of 2000 W, phase-locked frequency of 0.1 Hz, sampling frequency of 20 Hz and scan-
ning time of 40 seconds are processed by the infrared sequence processing methods, such as
PCA and K-L. The results are shown in fig. 5. In fig. 5(a), the PCA transformation algorithm
is adopted, and the carbon fiber weaving direction in the background area of the figure is quite
clearly, in which the clarity degree of defects appears in different color outlines. While the de-
fects with a diameter of 2 mm have disappeared, and the defects in the 3-D figure are obvi-
ously highlighted In fig. 5(b). The larger the diameter is, the shallower the depth of defects
are, and the greater the prominence degree is. It indicates that the defects are clearer. Figure
5(c) adopts K-L transform algorithm. There are some irregular curves in the background of
the figure, which shows slightly uneven terrain in the 3-D map in fig. 5(d). In the picture, all
five defects with a depth of 3 mm and 2 mm appear. While only three defects with a depth of
1 mm appear, and only eight defects stand out in the three-dimensional map without obvious
background noise. The defects processed by PCA algorithm are clearer, and the number of de-
fects displayed is more than that of K-L algorithm. SNR is an important index to measure the
image quality. Calculate the SNR of two algorithms and compare their processing effects.
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Figure 5. Processing results of different infrared sequence algorithms; (a) 2-D PCA, (b) 3-D PCA,
(c) 2-D K-L, and (d) 3-D K-L (for color image see journal web site)
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Normalization as shown in eq. (13) is for the convenience of data processing and the
acceleration of convergence when the program runs, and limits the data to a certain range af-
ter processing. The SNR as shown in eq. (14) is a parameter for measuring image quality. In
order to compare the processing effects of PCA and K-L infrared image sequence algorithms,
the image is normalized firstly, then its SNR is calculated, and the SNR of each defect pro-
cessed by PCA and K-L is obtained as shown in fig. 6.

Normalization can be expressed:

7, =% Znin_ (13)

Ziax —Z

where Z, is normalized data, Z, Zmin, and Zmax is a certain value, minimum value, and maxi-
mum value in the data, respectively.

The SNR can be expressed:

min

_T-R
-

SNRp (14)
where T is the average value corresponding to the defect area of the best contrast image after the
original image is processed, R - the average value corresponding to the defect-free area of the
best contrast image after processing the original image, and ¢ - the standard deviation of pixel
value in the non-defective area of the best contrast image after processing the original image.
Figure 6 shows the SNR of the two exter-
snr 20 1_orgina | Nal image sequence algorithms is calculated.
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Figure 6. Comparison of image sequence sequent research and analysis.

processing algorithms
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Conclusion

In order to detect the debonding defects of CFRP laminates, an infrared phase-loc-
ked thermal imaging detection system was built. The effects of test parameters, such as defect
diameter and depth, aiming at the defect detection effect of CFRP laminates were studied and
discussed. The effects of PCA, K-L infrared image sequence processing were compared. The
results show that, within a certain range, the larger the diameter is, the deeper the defect is,
and the better the information of the defect edge can be obtained. The PCA infrared image se-
guence processing can not only solve the problem of uneven illumination, but also reduce
noise, highlight display defects and improve image quality and SNR.
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Nomenclature

T  —average value of defect area, [-] o - standard deviation of pixel value, [-]
SNR - signal to noise ratio, [db] R —average value of defect free area, [-]
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