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The paper describes a thermal testing system implementing Barker code thermal
wave excitation accurately detect defects in GFRP/NOMEX honeycomb sandwich
structures. Influence of defect parameters on detection efficiency is explored. Four
algorithms, namely, PCA, PPT, THD, and TW-PCA, have been used to process infra-
red image sequences. The obtained results show that all algorithms suppress back-
ground noise to a certain degree, but the TW-PCA technique has proven to be more
effective providing the higher both signal-to-noise ratio and information entropy.
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Introduction

The GFRP/NOMEX honeycomb sandwich structures are widely used in the aero-
space and other fields due to their high thermal and sound insulation properties [1]. However,
due to the complex manufacturing process and harsh operating conditions, such structures are
prone to delaminations and debonding defects [2]. Infrared (IR) thermal wave non-destructive
testing (NDT) offers an intuitive, fast, efficient and non-contact inspection technique, making it
ideal for identifying defects in GFRP/NOMEX honeycomb sandwich structures [3]. In its turn,
the Barker code, that is a key two-phase code in radar systems, features ideal autocorrelation
and excellent pulse compression properties [4].

Technology for detecting infrared thermal waves
using Barker code excitation

A Barker code sequence is characterized by an ideal aperiodic autocorrelation function:

R(m) Nim‘ ol 1
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where N is the code length.
At present, seven different lengths of Barker codes (N=2, 3,4, 5,7, 11, and 13) are known.
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Among all Barker codes, the 13-bit code provides the highest main-to-sidelobe ratio
and a wider frequency band, making it ideal for detecting low power signals. Figure 1 presents
the schematic diagram of the modulated thermal wave and thermal NDT system.
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Figure 1. Schematic diagram of modulated thermal wave and detection system;
(a) 13-bit Barker code-modulated thermal wave and (b) experimental thermal NDT system

2 LA Experimental investigation
Test specimen
The specimen dimensions were 140 mm x

160 mm x 5.8 mm with the location of the defects
shown in fig. 2.

Experimental parameters

A 13-bit Barker code-modulated pulse ex-
citation has been used (30 seconds acquisition
time, 2000 W excitation power and 20 Hz acqui-
sition frequency).

Experimental results and analysis

To study the influence of defect diameter
and depth on surface temperature differentials,
a couple of temperature profiles have been ob-

Figure 2. Defect location diagram tained, fig. 3. As expected, the defects with great-
er diameters and shallower depths provide higher temperature differences, thus making defect
detection easier.

Image sequence processing
Principal component analysis

The principal component analysis (PCA) is the process of transforming data to reduce
its dimensionality that is often used in the extraction of defect features [5]. The PCA mathemat-
ical model [6]:
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where Z, is the m™ principal component, x, — the common factor, and b; — the feature vector.
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Figure 3. Influence of defect geometric characteristics on surface temperature differentials;
(a) defect diameter influence and (b) defect depth influence

Since the eigenvalues 1, > 1, > 1; > ... 4, of the correlation coefficient matrix are deter-
mined, the cumulative contribution rate can be obtained:

M0 A
L = Z N - (3)
m=1 Zﬂ'n
n=1

As the contribution rate increases, the information on defects becomes more detailed.
When the cumulative contribution rate of m primary components exceeds 85%, most of the
important characteristics are retrieved [7]. The cumulative contribution rate of the first two
principal components exceeds 85%, i.e. in this case most of the effective information has been
extracted. Figure 4 shows the results obtained with PCA1 and PCA2 to illustrate that this kind
of data processing better displays defect features and contours thus improving image quality.
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Figure 4. Processing thermal NDT results by using PCA; (a) PCA 1 anmd (b) PCA 2

Pulse phase therrmography

The pulse phase thermography (PPT) is an IR image processing algorithm that in-
cludes both the pulse and phase-locked methods [8]. It extracts signals of different frequencies
using the Fourier transform spectrum analysis [9]. The relevant formula:

F(n)= NZIT(kAt) exp (_12%) = S(n)+ jL(n) &)

x=0

where S(7) and L(n) are the real and imaginary parts of the frequency domain signals, respectively.



Tang, Q.-J., et al.: Experimental Study on Infrared Thermal Wave Detection ...
THERMAL SCIENCE: Year 2025, Vol. 29, No. 2B, pp. 1273-1279

1276
Then the amplitude and phase of the signal are obtained as [10]:
(&)

A(n) = \/S(n)2 +L(n)’
| L(n)
@(n) = tan [S(n)j (6)

The PPT result is shown in fig. 5. The amplitude image clearly reveals defect charac-
teristics with a higher contrast and less noise. However, the phase image contains significant

background noise and does not distinctly show the defects in the first right column.
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Figure 5. Processing thermal NDT results by using PPT in 2-D and 3-D presentations;

(a) and (b) amplitude images and (c) and (d) phase images

(c)

Total harmonic distortion
The total harmonic distortion (THD) is an image processing method evaluating the
ratio between harmonic and fundamental components in a signal. In IR thermal wave NDT, this

approach often provides a more accurate temperature response:
AT, (1) = (7)
eVt

The ratio between the fundamental power and the total harmonic power is [11]:

9

(8)
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Another method to describe signal harmonic distortion is to determine the amplitude
ratio:

A
THD, = —; 2

1

and then apply the Laplace transform to eq. (9):

The THD result is presented in fig. 6 to show that the peak image contains a lot of
background noise. The signal-to-noise ratio (SNR) image clearly displays the defect contour,
but there is a significant distortion of the actual size of the defects and their temperature indica-
tions in the 4" column of the defects. In the amplitude and power ratio images, the edges of the
defects are blurred thus resulting in poor indications of defect features.
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Figure 6. Processing thermal NDT results by using THD; (a) F..., (b) SNR, (¢) THD,, and (d) THD,

Temperature-weighted principal component analysis

The temperature-weighted principal component analysis (TW-PCA) optimizes prin-
cipal component extraction by analyzing temperature variations. Unlike traditional PCA, this
algorithm weights inter-frame temperature changes:

C =Y -, - (1)

where x; is the i data point, 4 — the data average value, and w; — the weight of the /™ data point.
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The results of TW-PCA presented in fig. 7 clearly show the defect contours and pro-
vide better image contrast and quality.
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Figure 7. Processing thermal NDT results by using TW-PCA; (a) 2-D graph and (b) 3-D graph
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To compare efficiency of aforementioned algorithms, the best resulting images pro-
duced by each approach have been evaluated by applying the following figures of merit: SNR
and information entropy (IE). The SNR formula:

-7
SNR =— (12)
o

s

where P, is the average value of the eigenvalues in the defect area, P, — the average of the ei-
genvalues in the defect-free area, and o, — the variance of the eigenvalues in the defect-free area.

Comparative evaluation of the data processing algorithms

In its turn, the IE increases with more information related to the images analyzed,
including information on defect indications. The IE formula:

IE=-Y"[E,(i,j)log, E, (i, /)] (13)

where E,(i, /) is the frequency of the gray level signal at the (i, /) image point and log,E (i, j) —
the logarithm of the gray value frequency.

The SNR and IE values related to the best images derived by the previous techniques have
been calculated. Figure 8 shows the chosen reference regions and evaluation indicator results.
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Figure 8. Reference regions and evaluation indicator results; (a) reference regions and
(b) SNR and IE values produced by different processing algorithms
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It follows from fig. 8 that the TW-PCA technique ensures the highest values of both
SNR and IE, making it the preferable method for processing Barker code-generated IR thermal
wave images.

Conclusion

Defects in GFRP/NOMEX honeycomb sandwich structures have been identified by
using Barker code-modulated IR thermal waves. It has been proven experimentally that inspec-
tion efficiency decreases with smaller defect size and greater defect depth. The techniques of
PCA, PPT, THD, and TW-PCA have been applied to process test results, with TW-PCA provid-
ing the best noise suppression and defect feature extraction.
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Nomenclature

P, — power of the n harmonic, [W] V, — voltage of the n'™ harmonic, [V]

qo — energy absorbed by the surface, [J] e - thermal inertia parameters, [ms"?]
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