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Abstract

When inspecting concrete structures or low-thermal-diffusivity materials (such as plastic materials) using active
thermography method, a long inspection time is required, and this impairs the efficiency of thermographic non-destructive
inspection. In this study, we focused on the use of high-frequency thermal waves which has theoretically fast heat
propagation speed, and tried to shorten the inspection time. In order to verify the effectiveness of shortening inspection
time, experiments for mortar specimens with an artificial defect were performed.

1. Introduction

Active thermographic inspection is an easy and efficient non-destructive testing method. However, it is known
that the method requires a long inspection time when detecting defects in a large concrete structure or in a low-thermal-
diffusivity material (such as a plastic material). For example, for detecting a defect located at a depth of several tens of
millimetres in a concrete structure, several hundred or more than 1,000 seconds is required [1,2]. This degrade the
efficiency of the active thermography method. Therefore, the aim of this study is to shorten the inspection time of active
thermography method. In order to achieve the aim, we focused on using thermal waves with high frequency components.

When a surface of an object having infinite thickness changes periodically, the temperature T at the depth z from
the surface is obtained as [3,4,5]

T(z,t) = Toe #cos 21T(ft— ﬁ) , 1)

where t is time, T, is temperature when z =t = 0, and f is frequency of the thermal wave. p is thermal penetration depth
which is obtained from thermal conductivity k, density 0, and specific heat C as

u=j%=j§, @)

here a denotes the thermal diffusivity. From the Eq. (1) wavelength 4 and heat propagation velocity v of the thermal wave
are obtained as follows:

A=2mu ?3)
v =2VTfa 4

The Eq. (4) means that heat propagates faster when the frequency of the thermal wave is higher. Thus, in this study, we
tried to use thermal waves with high frequency components, and investigated the relationship between the input heat
frequency and required inspection time through experiments for mortar specimens with an artificial defect.

2. Experiments

A schematic of experimental setup and mortar specimens are shown in figure 1 and 2, respectively. The mortar
specimens were heated by a 500 W halogen lamp, and surface temperature during heating was monitored by an infrared
camera (A315, FLIR Systems Co.). The specimens were 70 x 100 x 50 mm, and had an insertion of a 30-mm-width
polystyrene foam as an artificial defect. The defect thickness was 7 mm and it was located at a depth of 5 or 10 mm below
the surface. The output power of the halogen lamp was controlled by a function generator (Tektronix AFG3102) to a sine
wave shape, and the modulation frequency (heating frequency) was varied as 0.01, 0.03, 0.05 and 0.1 Hz. Then,
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relationship between the heating frequency and the minimum time required to detect the defect was investigated. In this
study, the phase image obtained by applying the Fourier transform to the observed temperature—time data [5,6,7] was
used to determine the minimum inspection time required to detect the defect. The phase image was obtained by varying
the time of temperature data used for the Fourier transform, and the minimum inspection time was determined based on
the signal-to-noise ratio (S/N) in the obtained phase images. Figure 3 shows an example of the phase image, and shows
how to determine S/N. The S value was determined as phase difference between the defective and non-defective area,
and the N value was the standard deviation of the phase in non-defective area.
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Fig. 1. Schematic of experimental setup.
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Fig. 2. Schematic of mortar specimens with a (a) 5-mm-depth defect, and (b) 10-mm-depth defect.

Temperature image Qurier transform

Sound Defect Sound

0 10 20 30 40 50 60 70 80 90
Pxcel [-]

Phase value in defective area - Phase value in non-defective areas

SIN =

Standard deviation of phase values non-defective areas
(S/N value was calculated along all horizontal lines in phase image and averaged.)

Fig. 3. How to determine the signal-to-noise ratio (S/N) from the obtained phase images.
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3. Results and Discussion
3.1. Relationship between S/N and inspection time

Figure 4 and 5 show the phase images of the specimen with the 5-mm- and 10-mm-depth defect, respectively,
obtained when the heating frequency is 0.01 and 0.1 Hz. Itis found from the images that, although the artificial defect could
not be detecd when the inspection time is short, it could be gradually detected with time. Figure 6 shows the relationships
between the inspection time and S/N. The S/N values increase with increasing the time, and its increment speed varies
depending on the heating frequency. By comparing the phase images with the S/N values, the time when S/N reaches 4
was determined as the minimum inspection time required to detect the defect in this study (figure 4(b) and (e), figure 5(b)
and (e) are the phase image when S/N = 4). In figure 7, the relationship between the time when the S/N = 4 and the heating
frequency is presented. These results show that the minimum inspection time shows a decrease tendency with the heating
frequency. This means the required inspection time becomes shorter by increasing the heating frequency.

3.2. Investigation of frequency components and attenuation of input heat

To examine the reason why the inspection time was shortened by increasing the heating frequency, the frequency
components in the input heat was investigated. The observed temperature—time data was Fourier transformed, and then
obtained spectrum amplitude is displayed as functions of frequency and inspection time in figure 8 (the vertical and
horizontal axis shows the frequency and inspection time, respectively, and the color shows the spectrum amplitude). In the
result of 0.01 Hz heating (figure 8(a)), almost no spectrum is observed when the inspection time is less than 20 s. In
contrast, a wider band spectrum is input in shorter time when the heating frequency is higher. These results imply that, by
increasing the heating frequency, thermal waves with higher frequency components, which has faster heat propagation
velocity, is input and propagate between the surface and subsurface defect in shorter time.
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Fig. 4. Experimentally obtained phase images of the specimen with 5-mm-depth defect when the heating
frequency is (a)—(c) 0.01 Hz and (d)—(f) 0.1 Hz. The inspection time is (a) 24.9 s, (b) 34.9 s (S/N = 4), (c) 44.9 s,
(d)8.1s,(e)18.1s(S/N=4),and (f) 28.1 s.
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Fig. 5. Experimentally obtained phase images of the specimen with 10-mm-depth defect when the heating
frequency is (a)—(c) 0.01 Hz and (d)—(f) 0.1 Hz. The inspection time is (a) 144.4 s, (b) 194.4 s (S/N = 4),
(c)244.4s,(d)41.9s, () 91.9 s (SIN=4), and (f) 141.9 s.
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Fig. 6. Relationship between the inspection time and S/N in phase image obtained when detecting (a) 5-mm-
depth defect, and (b) 10-mm-depth defect.

It should be noted in the experimental result of the specimen with a 10-mm-depth defect (figure 7(b)) that the
minimum inspection time does not decrease when the heating frequency increases from 0.05 to 0.1 Hz. This should be
because of the effect of thermal wave attenuation. From Eq. (1) and (2), it is found that the amplitude of the thermal wave
decreases exponentially with increasing the frequency based on the attenuation coefficient of. Figure 9 shows a
theoretically calculated relative amplitude of a thermal wave that reflected from 5- and 10-mm-depth defect in a mortar
(amplitude ratio of reflected to input thermal wave) as a function of thermal wave frequency. This figure shows, for example,
the amplitude of the thermal wave with the frequency of 0.1 Hz decreases to approximately 10”7 times of the input amplitude
when it propagates round-trip distance to the 10-mm-depth defect. This means the thermal wave with such high frequency
components hardly returns to the observation surface, and it does not contribute to defect detection.
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Fig. 7. Relationship between the minimum inspection time (the time when S/N = 4) and heating frequency
when detecting (a) 5-mm-depth defect,and (b) 10-mm-depth defect.
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Fig. 8. Spectrum amplitude of the experimentally input thermal wave as functions of frequency and inspection time

obtained when the heating frequency is (a) 0.01 Hz, (b) 0.03 Hz, (c) 0.05 Hz, and (d) 0.1 Hz.
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Fig. 9. Relative temperature amplitude of thermal wave after propagation of round-trip distance to a
5-and 10-mm-depth defect as a function of frequency.

4. Conclusions

In order to shorten the inspection time of active thermographic non-destructive testing, the effect of varying the
heating frequency of periodic heating and inputting higher frequency thermal waves that has theoretically higher heat
propagation velocity were examined. Results for mortar specimens showed that the inspection time required to detect the
defect decreased with increasing the heating frequency; this should be because the thermal waves with higher frequency
components was input in shorter time by increasing the heating frequency. Therefore, these results suggest inputting high
frequency thermal waves is an effective way to shorten the inspection time. However, in our experiments, the reduction of
inspection time was not observed when detecting 10-mm-depth defect using the heating frequency of 0.1 Hz. This should
be because of the large attenuation during heat propagation, and shows that the time reduction effect could not be obtained
when the thermal wave frequency is too high to detect it.
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