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The paper aims to simulate the heat generation in crack location based on
vibrothermography inspection. For this study, the thermoelastic damping effect was
considered as the source of heat generation and the value of thermoelastic damping was
determined. In simulation, the model of the specimen with crack was AL7075-T6. The
vibrational frequencies were given at 20kHz, 24kHz and 28kHz, while the maximum
amplitude was constant of 4.8nm. The results of temperature variation, stress, energy loss
and heat flow rate on the crack location were obtained from the simulations which were
performed by using ANSYS software. The ratio between power loss and heat flow rate was
calculated and presented as the index for selecting the most suitable vibrational frequency
in term of heat accumulation. The case study 20kHz was considered as the most suitable
vibrational frequency for this study because the index ratio was higher than the case
studies 24kHz, 28kHz at 6.29% and 9.14% respectively.

1. Introduction

Vibrothermography inspection is classified as a non-destructive testing (NDT) method. For this
technique, the specimen is vibrated and some of the mechanical energy dissipates as heat. Then, the
temperature difference between defect and non-defect locations is monitored by using the thermal
imaging camera. Vibrothermography inspection has been successfully implemented to inspect for
both metallic and non-metallic materials such as titanium, inconel, aluminum alloy, steel, honeycomb
structure and carbon fiber reinforced composite (CFRP) [1-8]. All of these materials are widely used
to fabricate the aircraft structure. Due to lack of understanding the mechanism of heat generation in
vibrothermography, the experiments were performed to investigate the generated heat from the
effect of friction, plastic deformation and viscoelasticity [9]. The finite element methods (FEM) were
developed to study the frictional effect [10-12]. It found that the friction produced heat along the
rubbing surface. The amount of the generated heat depended on the vibrational frequency, surface
roughness and the orientation between vibrational direction and defect direction. When the
specimen is loaded and the occurred stress is higher than the yield stress of the material. The
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deformation of specimen is in the plastic range and some of the mechanical energy is converted into
heat. However, the generated heat from this case cannot be classified as NDT because it tends to
increase the defect size and causes the permanent deformation of the specimen. The effect of
plasticity was studied through FEM [13,14]. The heating mechanism of viscoelastic effect was
investigated by applying the polymer adhesive over the surface of the vibrating specimen. The mount
of the heat depended directly to the strain distribution over the specimen surface [15-17]. The
additional mechanism of the heat generation in metallic material is known as thermoelastic damping
[18]. The principle of this heating mechanism relates to the stress distribution on the vibrating
specimen which usually is non-uniform due to defect. The specimen with defect always has the stress
concentration around weakness point at defect location. The generated heat of this mechanism can
indicate the defect location without increasing the defect size. Therefore, the effect of thermoelastic
damping is considered as the main source of heat generation for this paper. Finite element method
(FEM) is developed to simulate the heat generation based on thermoelastic damping. The
characteristics of temperature distribution, stress variation, power loss and heat flow rate are
analyzed through the results of FEM. Then the suitable vibrational frequency for vibrothermography
is analyzed by considering the ratio between power loss and heat flow rate.

2. Numerical Simulation
2.1 Thermoelastic Damping Analysis

The thermoelastic damping (Q!) can be described as the ratio between the energy loss (AW) to
the stored energy (W) in one vibrational cycle [19-21]. The mechanical energy loss from this effect
converts to heat. While the stored energy of vibrating specimen can be defined as the strain energy
which is the input mechanical energy. By multiplying the thermoelastic damping with the strain
energy, the energy loss as heat can be calculated. For the thermoelastic damping of the homogenous
material can be determined by using Eq. (1) and Eq. (2).
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where (a) is the linear thermal expansion coefficient, (Eu) is the unrelaxed young’ modulus, (p) is the
density, (Cp) is the specific heat capacity at constant pressure, ( 7 ) is the thermal relaxation time, (A)
is the thermal conductivity and (h) is the thickness of the specimen.

In this study, the material was AL7075-T6 which was used to fabricate the aircraft structure [22-
24]. The material properties for calculation the thermoelastic damping calculation were presented in
Table 1. In this case study, the specimen thickness 2 mm was given as the remained thickness at crack
location. The vibrational frequencies of vibrothermography inspection usually are in the ultrasonic
range which are the resonance frequency of the ultrasonic probes [25]. Therefore, vibrational
frequencies 20kHz, 24kHz and 28kHz were selected for this study and the calculation results of
thermoelastic damping were 6.31e®, 5.26e® and 4.50e®, respectively.
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Table 1

Material properties of AL7075-T6 [26]
Properties Value
Density (kg/m?3) 2810
Young’s modulus (GPa) 71.7
Poisson ratio 0.32
Thermal conductivity (W /m°C) 130
Specific heat (//Kg.°C) 826.6
Thermal expansion (1/°C) 2291

2.2 Finite Element Method in ANSYS

The FEM of two-dimensional model was developed in ANSYS to simulate the heat generation in
the vibrating specimen. The specimen model had the dimension in length of 200 mm and thickness
of 5 mm. The width of surface crack was 0.03 mm, crack depth was 3 mm and the remaining thickness
at the crack location was 2 mm as shown in Figure 1. The specimen was AL7075-T6 and its properties
were presented in Table 1. In ANSYS, the element type PLANE223 was used for the coupled structural-
thermal analysis. The mesh size on crack location was 0.01 mm, while the mesh size on non-defect
location was 0.5 mm. The mesh type was the triangular cell. Each cell had 6 nodes and each node had
3 degrees of freedom (displacement X, Y and temperature).
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Fig. 1. Geometry model of specimen

Transient analysis was performed to simulate the dynamic response of stress and the heat
generation on the vibrating specimen. The initial temperature of specimen was given at 27°C. On the
left and right side ends of the specimen were fixed to zero displacement load (X, Y). While the surface
crack area (P1) was applied with the sinusoidal displacement load which was assumed to have the
maximum displacement load of 4.8 nm. In each case of simulation, the total vibrational period was
0.02 seconds and each cycle of vibration was decided to have 8 substeps.

3. Results and Discussions

The simulation results of the case study with 20kHz are used to represent the characteristic of
temperature variation, stress variation and strain variation. The result of temperature variation at
the crack location (P1) is shown in Figure 2. It can be seen that the characteristic of temperature
variation can be divided into three periods A, B and C. For the period A, the initial heat generation
increases the temperature up to 27.21°C and then gradually reduces. This is because the generated
heat at the crack location flows to the surrounding area where has the lower temperature. This
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explanation is proved by the graphical results of the temperature distribution and the flux vector in
Figure 3. For the case study with the vibrational frequency 24kHz and 28kHz also have the same
characteristic of temperature variation during period A. The maximum increment of temperature at
the initial vibration of these two frequencies are 27.21°C and 27.26°C, respectively. For the
vibrational period B, the temperature variation tends to be constant and slowly increases in the
vibrational period C. It indicates that the response of heat generation and temperature increment at
crack location is very fast and less than 1 second. The average of the temperature difference between
crack location (P1) and non-defect location (P2) is determined during period B and C. The average of
temperature difference of these three cases are 0.02°C as shown in Table 2. The thermal imaging
camera such as IRCAM EQUUS 327 has the temperature sensitivity up to 0.02 °C which is able to
capture the temperature difference for these case studies [27]. However, the case study with the
higher temperature difference is easier to identify the defect location.
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Fig. 2. Temperature variation at crack location (P1) of case
study 20kHz
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Fig. 3. Temperature variation and heat flow direction
at crack location (P1) of case study 20kHz
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The stress variation at the crack location is analyzed to confirm that the plastic deformation does
not occur in this study. Because the deformation of the specimen in the plastic range is permanent
which is not the concept of the non-destructive testing (NDT). The maximum stress of case studies
with 20kHz, 24kHz and 28kHz occur at the crack location and have the maximum value of 140 MPa,
151 MPa and 195 MPa, respectively. All case studies have the maximum stress less than the yield
stress of AL7075-T6 which is 503 MPa [28]. Therefore, plastic deformation does not have any effect
on vibrothermography under these conditions. When consider the influence of the vibrational
frequency over the stress, the case study with the higher frequency tends to produce the higher
stress. Even though all case studies are controlled to have the same maximum vibrational amplitude.
Figure 4 and Figure 5 are presented the results of temperature and stress variation in the different
time frame of case study 20kHz. During time frame 0.005s, 0.010s and 0.020s are compression cycle
and high temperature is produced at crack location. While the time frame 0.015s is expansion cycle
and the high temperature is produced on the opposite side with the crack location. It can be seen
that the high stress concentration occurs at the crack location either compression or expansion cycle.
Therefore, the temperature at the crack location is always higher than non-defect location.
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Fig. 4. Temperature variation at different time frames of case study 20kHz
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Fig. 5. Stress variation at crack location (P1) of case study
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The simulation results of strain energy are used to represent the input energy. For the case study
with 20kHz, the result of strain energy at the crack location (P1) is presented in Figure 6. The
maximum strain energy is obtained during the compression cycle, while the minimum strain is
obtained during the expansion cycle. In each time step, the strain energy is multiplied with the
thermoelastic damping (Q!) to obtain the mechanical energy loss (EL) as heat. To obtain the power
loss, the total energy loss during the vibrational period 0.02s is summed and calculated for 1s. The
results of power loss (PL) of case studies 20kHz, 24kHz and 28kHz are 8.71e™, 8.72e> and 8.73e™ J/s
which is less significant different between these three case studies as shown in the Table 2.

The mean value of heat flow rate from crack location (P1) is considered during the vibrational
period B and C, because the temperature variation during these periods are more stable than the
initial vibration of period A. The results of heat flow rate (H¢) of frequencies 20kHz, 24kHz and 28kHz
are 2.48 /s, 2.65 J/s and 2.74 J/s, respectively. It can be seen that the heat flow rate increases with
increasing of the vibrational frequency. The ratio between the mechanical power loss (P.) and the
heat flow rate (H¢) is determined to predict the suitable vibrational frequency that tends to have a
high accumulation of heat at the crack location. The results of the index ratio for 20kHz, 24kHz and
28kHz are 3.50e™, 3.28e™ and 3.18e>, respectively. The index ratio of case study 20kHz is higher than
case studies 24kHz and 28kHz at 6.29% and 9.14% respectively. Therefore, frequency 20kHz is the
more suitable for using as the vibrational frequency of these case studies.
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Fig. 6. Strain energy variation at crack location (P1)

Table 2
Simulation results
Frequency  Maximum AT: P1lvs P2 (Q?b) Power loss Mean value of Ratio
Temperature at P1 Time 0.01-0.02 (Pvo) heat flow (Hr) P./Hr
20 kHz 27.21°C 0.02°C 6.31e® 8.71e% /s 2.4884 /s 3.50e”
24 kHz 27.21°C 0.02°C 5.26e® 8.72e% /s 2.6564 /s 3.28e”
28 kHz 27.26°C 0.02°C 4.50e® 8.73e% /s 2.7444)/s 3.18e”
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4. Conclusions

The FEM model of vibrating specimen was successful to simulate the heat generation on crack
location based on the effect of thermoelastic damping. The simulation was performed with constant
vibrational amplitude at 4.8nm and varied the vibrational frequency at 20kHz, 24kHz and 28kHz. The
simulation results indicated that the generated heat was high enough to make the temperature
difference between crack location and non-defect location. For the vibrational period 0.02s, all case
studies had the temperature difference between crack and non-defect locations around 0.02°C which
was in the range of thermal imaging camera such as IRCAM EQUUS 327. The amount of the generated
heat depended directly with the stress concentration on the specimen. This statement was true
because the crack location was weak and the vibrational amplitude was higher than the surrounding
area. Then the high stress concentration occurred on the crack surface during the compression cycle
and resulted of the high temperature on crack surface. While the expansion cycle, the high stress
concentration and temperature appeared on the opposite surface of the crack. Moreover, the effect
of using high vibrational frequency produced the higher stress as comparing with the case study of
low frequency. The lower stress implied the lower of fatigue problems. Therefore, a case study with
lower vibration will be a better solution if the results the temperature variation between cases of
high and low frequency was not different. The power loss of each case study was calculated and the
results were less significant difference between these three cases. The power loss of cases 20kHz,
24kHz and 28kHz were 8.71e, 8.72e> and 8.73e>, respectively. For the heat flow rate, it was
measured at crack location and it tended to increase with increasing of vibrational frequency. Finally,
the ratio between power loss and the heat flow rate was used to determine the case study with a
high accumulation of heat at crack location. The result of the index ratio of case study 20kHz was
higher than case studies with 24kHz, 28kHz at 6.29% and 9.14%, respectively. Therefore, the
vibrational frequency 20kHz can be considered as the most suitable vibrational frequency because
this frequency tended to have lower fatigue problems and high accumulation of heat as referring to
the stress result and the ratio between power loss and heat flow rate.
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