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Abstract

Inspecting low-thermal-conductivity materials via active thermographic non-destructive testing requires a long
inspection time because of the slow heat transfer in such materials. This study focuses on reducing the inspection time
by using thermal waves with a high-frequency component. Fourier transform was applied to extract the high-frequency
component from the observed thermal data. Consequently, it was observed from analytical studies and experiments of a
carbon-fiber-reinforced plastic and a concrete specimen that using phase data in the high-frequency range obtained from
the transformed data is effective for the detection of internal defects within a short inspection time.

1. Introduction

Active thermographic inspection is a convenient non-destructive testing method; it can be used to inspect a
relatively large area in a single test without physical contact with the test object. However, the active thermographic
inspection of low-thermal-conductivity materials requires a long inspection time because heat transfer in such materials is
slow. This is a practical problem associated with the inspection of polymer materials or concrete structures.

In order to reduce the inspection time of the active thermographic method, we focused on using the relationship
between the heat propagation speed and frequency of the propagating thermal wave. According to the thermal wave
theory, thermal waves with a high-frequency component propagate faster [1,2]. Thus, using heat with a high-frequency
component is expected to be effective in reducing the inspection time. In order to extract the high-frequency component
from the observed thermal data, we used phase data obtained by applying Fourier transform to the thermal data. The
phase transformation technique is known as pulsed phase thermography (PPT), wherein instantaneous pulse heating is
used as the heat-excitation method [2,3]. By applying the Fourier transform, phase data at an arbitrary frequency can be
extracted. In addition, many studies have reported that PPT is effective for enhancing the detectable defect depth and
suppressing the non-uniform heating effect [3,4,5,6]. These advantages are expected to be effective for detecting a small
signal observed in the high-frequency range because thermal waves with higher-frequency components are damped
more significantly.

In this study, the effect of the aforementioned method is examined through analytical studies and experiments
with a carbon-fiber-reinforced plastic (CFRP) and a concrete specimen. The thermal diffusivity of CFRP laminates in the
through thickness direction is generally very small because it is nearly equal to that of the resin matrix. The thermal
diffusivity of concretes is also small; in addition, inspection of concretes requires a long time because defects in
concretes are frequently located several tens of millimeters from the surface. In this report, first, inspections using
instantaneous flash heating (i.e., PPT method) are discussed in the following section. The effect of inspection time
reduction is estimated though analytical studies and verified though experiments, Second, inspections using long-
duration heating and phase data are discussed in Section 3. Long-duration heating can input larger amount of heat than
the flash heating method; thus, it is expected to be effective for the inspection of such concretes. We examined the
extraction of high-frequency components in the heat input provided by long-duration heating by using the phase
transformation technique, and investigated the capability of defect detection and effect of inspection time reduction.

2. Inspections using instantaneous flash heating
2.1. Analytical studies

In order to examine the effect of inspection time reduction, analytical studies using a one-dimensional plate
model were performed. In the analyses, a plate with the thickness of H was considered (H was assumed to be the depth
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of an ideal defect with infinite in-plane size). When Dirac pulse heating was applied to the surface, the temperature—time
data of the same surface were calculated using the following equation [5]:
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where p and c are the density and specific heat, respectively. Bi denotes the Biot number and is defined as Bi = hH/k,
where h and k are the surface heat exchange coefficient and thermal conductivity, respectively, and Fo is Fourier number
defined as Fo = at/H?, in which a represents thermal diffusivity. un is determined from the following relation:
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Subsequently, the Fourier transform was applied to Eq. (1) in order to obtain the phase—frequency data, which were
obtained as
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where f is the frequency and j denotes an imaginary unit. By assigning the real and imaginary parts (R(f) and I(f)) in Eq.
(3) to the following equation, the phase—frequency ¢(f) after instantaneous pulse heating can be obtained.
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Figure 1 shows the calculated phase—frequency data of the material properties of CFRP (density p = 1638
kg/m3, specific heat ¢ = 870 J/(kg K), and thermal conductivity k = 0.56 W/(m K)). It is observed from Fig. 1 that ¢(f) has a
local minimum peak P for each H condition and that the frequency at P. decreases with the increase in H. In addition to
PL in the low-frequency range, the phase shows a small local maximum peak (Pw) in the high-frequency range. Thus,
using the phase images at the frequency of Pu should be effective not only to detect defects but also to reduce
inspection time. Figure 2 shows the relationship between the frequencies at PL and Pu (denoted as fL and fu,
respectively) and H. For example, when H = 4 mm, f. and fu are 0.0027 and 0.03 Hz, respectively. The minimum
frequency obtained using Fourier transform depends on the thermal data acquisition time (i.e., inspection time tgata), and
is equal to 1/tsata. Therefore, although a period of 370 s is required to obtain the phase at f., the inspection time could be
reduced to 33 s when the phase at fx is used.
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Fig. 1. Phase—frequency data determined from 1D analytical calculations of the material properties of CFRP.
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Fig. 2. Relationship between the frequencies at P. and Pn (f. and fu, respectively) and defect depth H.

2.2. Experiments

In order to verify the effect of reduction of inspection time, experiments with a CFRP and a concrete specimen
were performed.

2.2.1. Experimental setup

Figures 3 and 4 show the CFRP and concrete specimen used in the experiments, respectively. The CFRP
specimen, of dimensions 200 x 200 x 20 mm, has some flat-bottomed holes as artificial defects. The defect diameter
was 20 mm, and its depth from the heated surface varied from 0.5 mm to 15 mm. The concrete specimen has
dimensions 300 x 300 x 100 mm, with a slit defect (2-mm-thick air-gap) at a depth of 10 mm from the surface. The
specimens were heated using two xenon flash lamps (the output of each was 1000 J), and the surface temperature after
heating was monitored using an infrared camera (A315, FLIR Systems, Inc.). Subsequently, the obtained temperature—
time data were transformed into phase—frequency data by applying Fourier transform.

2.2.2. Results

The phase images obtained from the experiments with the CFRP specimen are presented in Fig. 5. The defects
are detected at the frequency of fL for each depth. Moreover, the defects are identified in the phase images at f4 with a
phase contrast inversion (i.e., phase in the defective area is larger than that in the surrounding area when using fu,
although it is smaller than that in the surrounding area when using f.). These results show that using phase data at fu is
also effective for detecting defects. With regard to the inspection time, for example, the fL for a 2-mm-deep defect was
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Fig. 3. CFRP specimen with flat-bottomed holes as artificial defects: (a) photograph, and (b) schematic configuration.
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Fig. 4. Concrete specimen with a slit defect: (a) photograph, and (b) schematic configuration.

0.0074 Hz; thus, the required inspection time was 135 s. In contrast, the fu for a 2-mm-deep defect was 0.12 Hz, and the
required inspection time was reduced to 8.3 s. The experimentally obtained f4 values (determined as the frequency at the
peak of the fourth-order approximation curve for the phase data around the local maximum) are compared with the
estimated frequencies calculated in the analytical studies in Fig. 2. The experimental results are consistent with the
analytical results. These results verify the validity of the analytical results, and suggest the effectiveness of using phase
data at fu for reducing the inspection time.

The obtained phase images for the concrete specimen are presented in Fig. 6. From the analytical calculation of
the material properties of concrete (density p = 2240 kg/m?, specific heat ¢ = 800 J/(kg K), and thermal conductivity k =
1.7 W/(m K)), fL and fu for a 10-mm-deep defect in concrete are estimated as 0.001 and 0.012 Hz, respectively. It is
observed from Fig. 6 that the slit area can be identified not only in the phase image at f. but also in the phase image at fn.
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Fig. 5. Phase images obtained from the experiments with a CFRP specimen (area enclosed by red dashed line in Fig.
3(b)) at the frequencies of (a) 0.0074 Hz (f. for H = 2 mm), (b) 0.021 Hz (f. for H = 1 mm), (c) 0.12 Hz (fu for H = 2 mm),
and (d) 0.42 Hz (fu for H = 1 mm). The numerals in the figures denote defect depth.
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Fig. 6. Phase images obtained from the experiments with a concrete specimen with a 10-mm-deep slit defect (area
enclosed by the red dashed line in Fig. 4(b)) at the frequencies of (a) 0.001 Hz (f. for H = 10 mm) and (b) 0.012 Hz (fx for
H = 10 mm). The area enclosed by the dashed lines indicates the defective area.

3. Inspections using long-duration heating

When inspecting thick concretes, a large heat input is required. In long-duration heating, heat input can be
increased easily by adjusting heating duration. The heat input provided by long-duration heating also includes a wide
range of frequency components, although the frequency range is narrower than that of the input provided by flash
heating. Thus, by extracting the higher-frequency component of the input heat, inspections could be performed in shorter
time.

In order to examine the above prediction, experiments were performed using long-duration heating. In the
experiments, the same concrete specimen used in the previous section was employed. The specimen was heated using
a 500 W halogen lamp for 100, 200, and 300 s, and the surface temperature during heating was monitored using the
infrared camera (thus, the inspection time was equal to the heating duration). The obtained temperature—time data were
transformed into phase—frequency data by applying Fourier transform.

Figure 7 shows the experimentally obtained phase images at the frequencies of 0.0033, 0.005, and 0.01 Hz;
they were obtained from the experiments for heating durations of 300, 200, and 100 s, respectively. It is observed from
Fig. 7 that the slit defect is identified in all the phase images, even in the image corresponding to the frequency of 0.01
Hz. With regard to the thermal diffusion length, A (=\/a/Tif), the frequency of the thermal wave required to propagate 20

mm in concretes (round-trip distance to a 10-mm-deep defect) is estimated as 0.0008 Hz. Therefore, the experimental
results demonstrated that defects could be detected in the phase images at frequencies higher than that estimated from
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Fig. 7. Phase images of the concrete specimen obtained from the experiments using long-duration heating at the
frequencies of (a) 0.0033 Hz, (b) 0.005 Hz, and (c) 0.01 Hz.
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the thermal diffusion length theory. The inspection time required to obtained the phase image at 0.01 Hz (100 s) is similar
to that obtained by using phase data at fu obtained after instantaneous flash heating (fu for 10-mm-thick concrete is
0.012 Hz; thus the required inspection time is approximately 83 s). With regard to input frequency component, Fig. 8(a)
shows the observed temperature on the non-defective surface for each heating duration, and Fig. 8(b) shows the
spectrum amplitude as a function of frequency calculated by applying Fourier transform to the data in Fig. 8(a). In Fig. 8,
the results obtained from the experiment using flash heating are also presented for comparison. It is observed from Fig.
8(b) that the spectrum amplitude of the input heat of long-duration heating is larger than that of flash heating when the
frequency is lower than approximately 0.1 Hz. Therefore, in the present experiments, the inspection capability achieved
while using long-duration heating should be higher than that achieved while using flash lamp heating when phase data at
approximately 0.01 Hz is used. These results suggest that using phase data in the high-frequency range obtained by
applying long-duration heating is also an effective way to reduce the inspection time.
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Fig. 8. (a) Experimentally observed thermal data on the non-defective area when applying long-duration heating (100,
200, and 300 s) and flash heating, (b) spectrum amplitude as a function of frequency calculated by applying Fourier
transform to the thermal data in Fig. 8(a).

4. Conclusions

Methods for reducing inspection time in active thermography by using a high-frequency thermal component and
phase transformation technique were examined in this study. In instantaneous flash heating, using phase data at a small
local maximum peak observed in the high-frequency region was effective for detecting defects within a short inspection
time. In the inspections using long-duration heating, a defect was detected in the phase images at frequencies higher
than that estimated considering the thermal diffusion length. These results suggest that extracting a high-frequency
component of input heat by applying Fourier transform and inspection using phase data in the high-frequency region is
an effective method for reducing the inspection time of active thermographic non-destructive testing, especially when
inspecting low-thermal-conductivity materials.
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