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ABSTRACT

Vibrothermography has better capability of detecting kissing defects than other infrared thermal approaches. The
ultrasonic excitation frequency is an important parameter except the power in vibrothermography. The
vibrothermography of debonding defects in composite plates are researched in this paper. The ultrasonic waves
ranging from 17 kHz to 32 kHz are used separately as the excitation source to pump energy into the composite
plate. The experimental result shows that all of the 8 premade debonding defects are well detected under the
excitation frequency around 21.5 kHz, whereas only a part of or no defect is detected under other excitation
frequencies. To explain this experimental result, the natural frequencies of the plate under a series of boundary
conditions and the local resonance frequency of the defect areas were calculated. A numerical simulation model
is established to study the quantitative relationship between the excitation frequency and the temperature increase
of the defect areas, and the analysis of the coupled physical field between vibration and heat conduction are
employed to reveal the relationship between the excitation frequency and the natural frequency of the whole plate
and/or the local defect areas for the optimum testing.
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1. INTRODUCTION

Vibrothermography is one of the infrared thermal non-destructive testing. It has been paid more attention in recent
years due to its high efficiency, good repeatability and capability of detecting Kiss defects. The principle of
vibrothermography and the factors that govern the mechanical energy turning into heat during vibration are
researched from different views by many teams all over the world [1]. The most recently development about
vibrothermography is the local resonance theory [2][3], however, the specimen with only one artificial defect can’t
illustrate the case for complex multi-defect structures. The vibrothermography of a composite plate with multiple
debonding defects will be researched in this paper.

2. THEORETICAL ANALYSIS

2.1 Detection principle

When an elastic wave propagates in solid media containing defects, the discontinuity of media may lead to its
serious attenuation. The friction between discontinued faces or the viscoelastic effect of the defective areas may
lead to heat generation and temperature changes which can be detected by infrared cameras.

2.2 Vibration theory

Two composite plates consisting of aluminum alloy and cork layers were used as the reference samples. The
analysis of vibration modes is based on the classical vibration theory of plates. The motion for the transverse
displacement w of a plate is given by [4]:
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where p is the density, h is the thickness of the plate, D is the flexural rigidity defined by
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where E is Young’s modulus, u is Poisson’s ratio.
The frequency equation of a rectangle plate under different boundaries can be given as Eq.(2):
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where w denotes the angular frequency, a and b represent the length dimension and the width dimension of the
plate respectively, coefficients Gy, Gy, Hy, Hy ,Jx and J, depend on the boundary conditions. The most common
three boundary conditions are as shown in Table 1[4].

Tablel. Three boundary conditions and the coefficients for the first three order frequencies of a rectangle plate

Boundary conditions Order Gx Gy Hx Hy Jx Jy
1t 1.506 1.506 1.248 1.248 1.248 1.248
2nd 2.5 1.506 4.6585 1.248 4.6585 1.248
3 3.5 1506 10.0218 1.248 10.0218 1.248
1t 0.597 0 -0.087 0 0.471 0
2nd 0.597 0 -0.087 0 0.471 12/m?
3t 1.494 0 1.347 0 3.284 0
1t 1 1 1 1 1 1
o 2 1 4 1 4 1
3t 3 1 9 1 9 1

Because the artificial defect is cylindrical shape, for the calculation of local resonance frequency of defected area
should be based on the vibration of the circular plate, as for a circular thin plate, the resonance frequency equation
in flexural vibration can be defined by:

_A(n) Eh?® @)
R® \[12p(- ")

n represents the order of angular frequency, R is radius of the plate, Zz(n) is different for different boundary
conditions and orders.

Table.2 Coefficients for the frequency calculation of a circular plate under different boundary conditions

Boundary conditions order 22(n)
1 10.2158
2nd 21.26
3t 34.88
1 4.977
2nd 13.94
3t 25.65
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3. EXPERIMENT AND SIMULATION

3.1 Experiment

The reference sample is a composite plate which consists of an aluminum alloy plate with the thickness of 2.7mm
and a cork plate with the thickness of 2mm. The length and width of the sample are 200mm and 100mm
respectively. At the bonding interface, 4 groups of debonding defects with different sizes were created by
manufacturing flat-bottom holes with 4 different diameters of 15mm,8mm,5mm,10mm and the same depth of
0.1mm in the aluminum substrate as shown in Fig.1.
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Fig.1 Photo of the aluminum substrate plate with flat-bottom holes (a) and the drawing of the composite
plate (b)

In the experiment, three different types of piezoelectric transducers were adopted respectively to perform the
ultrasound excitation to plate respectively. Several excitation frequencies ranging from 17 kHz to 32 kHz were
used, while the excitation duration was set 10 seconds, and acquisition interval time is 1s, get 60 frames thermal
image under each frequency.

(@) (b)
Fig.2 Thermal images at time t=12 under the excitation frequency of 28.7 kHz (a) and 21.5 kHz (b)

Because the defects on the two rows are the same, the 4 defects at the first row were selected to focus on. The
temperature difference between the defect area and the non-defect area are employed to evaluate the detectability.
The typical temperature difference evolutions at each defects under the excitation frequency of 21.5 kHz are
shown in Fig.3. It can be seen from Fig.4 that the temperature differences for different defect sizes have the same
characters: two peaks occur at the frequency closed to 21.5 kHz and 27 kHz. The two frequencies might be the
resonance frequencies of the composite plate or the local defect resonance frequencies of the defects.
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Fig.3 Temperature difference evolution at different defects under the excitation frequency of 21.5 kHz

16 T T T T
—%— D=15mm
14+ —6— D=8mm H
—B— D=5mm
12- —+— D=10mm

=
o
T

Max temperature difference[a T /°C]

“16 18 20 22 24 26 28 30 32
Frequency[kHz]

Fig.4 Experimental temperature difference vs. frequency for different defect sizes

3.2 Simulation

A numerical simulation model was established with the Comsol Multiphysics software. In order to verify the
correctness of the modeling, the natural frequencies of the plate under different boundary conditions was
calculated and the simulation results are compared to the theoretical solution given by equation (2). The finite
element solution of the natural frequencies matches well with the theoretical solution as shown in Table4. Based
on the suitable meshing size and boundary condition settings, further simulation such as eigenvalue analysis, a
coupling analysis of vibration and thermal for the composite plates can be conducted.

Table.3 Material properties

Material Young’s modulus E(Pa) Poisson’s ratio u Density p(Kg-m)
Aluminum Alloy 7.0x10%0 0.33 2696
Cork 3.92x108 0.46 470
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Table.4 Simulation results comparing with theoretical solutions for single-layer Aluminum Alloy plate with the
size 200mm>120mm>2.7mm

Boundary ,,,,,,,,,,,,,,,,,,,,
conditions -

L,

Order 18t ond 31 18t 2nd 3 18t ond 31
Simulation | [ = e Y el Ty —.
mode shape | 6 ; 6 -“" @ ol é S s @ @
and natural

frequency 12095 1736.8 2647.0 57.6 208.3 357.6 620.7 11115 1932.0
(Hz)
Theoretical

natural
1208.3 17411 2660.2 58.9 212.0 369.8 624.2  1119.8 19459
frequency

(Hz)

The comparison of the simulation results to the theoretical solutions ensures the correctness in meshing and
boundary condition settings in simulation. The next work will focus on the local resonance of the circular defect
areas and coupled field simulation of vibration and heat generation.

4. CONCLUSIONS

The expected conclusion will be that the frequency at the peak value in Fig.4 is on the frequency band of the local
resonance of defect areas. The excitation at the local resonance frequency can pump more energy into the defect
areas, so can improve the capability of the vibrothermography.
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