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Abstract: An infrared thermographic technique was developed for identifying the thermal diffu-
sivity from temperature variation data of specimen surface. A laser-spot heating is applied to the
specimen surface for a certain period and then temperature variation of the surface is measured
using infrared thermography. Since analytical solution for the temperature variation is expressed
in terms of parameters including the thermal diffusivity, thickness and heating point position, the
parameters are identified by fitting the analytical solution to the measured data. The developed
technique was applied to a ceramic specimen for verification. It was shown that the thermal diffu-
sivity can be identified with high accuracy if the thickness and heating point position are known
in advance. Furthermore, it is confirmed that the thermal diffusivity, thickness, and heating point
position can be simultaneously estimated with acceptable accuracy.

Keywords: Laser-spot heating, Infrared thermography, Temperature variation, Thermal diffusivity,
Inverse analysis

1. Introduction

Thermal diffusivity is one of the most representative thermal properties of materi-
als, and its evaluation is important in many scientific and industrial fields. The laser
flash method [1,2], periodic heat method [3] and temperature wave method [4] are
standard methods to measure thermal diffusivity. The laser flush method is to evaluate
thermal diffusivity by applying a short thermal pulse to the entire front surface of a ma-
terial and observing the temperature variation on the rear surface. The periodic heat
method and the temperature wave method evaluate thermal properties by analyzing the
phase response of thermal waves generated by periodic heating. Both methods typically
measure the phase difference between the front and rear surfaces of the sample to de-
termine thermal diffusivity and thermal conductivity. However, these methods have the
limitation that the specimen must be cut out if the rear surface of the sample is not ac-
cessible, which is not nondestructive. A recent research [5] has proposed a more practi-
cal method for identifying thermal diffusivity by measuring temperature variation of the
material surface using a combination of laser spot and step heating. Nevertheless, this
method requires the thickness of the sample to be known in advance. In this study, a
method to accurately and efficiently identify thermal diffusivity by pulse-step laser-spot
heating is established even when the specimen thickness is unknown.
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2. Solution for temperature variation 1
Assume that an infinite flat plate is subjected to step heating at a point from time ¢ =
0 to t = t1 as shown in Fig. 1. The heat flux is expressed as 3
0, t <0,
«wzF,oswmp (1)
0, tz=t.

The theoretical solution for the surface temperature variation T(r, t) at a distance r from 4
the heating point is given as [6,7]

0, t<0,
Cyw 1 (T e
T(rl t) = 2nk SNET0 2 4n2g2 Viat ! = 1 (2)
q_ s 1 VrZ+4nzda® Vri+anzaz
2k - —_— =
2k ST rZranZaz {erf( JHalt—ty) ) erf( VAat )]* t= 1.
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Here k is the thermal conductivity, d is the thickness, and « is the thermal diffusivity of 6
the plate. In addition, x and y indicate the position of the temperature measurement 7
point, and xo, yoindicate the position of the heating point. 8

By applying Equation (2) in the fitting process to the surface temperature data ob- 9
tained at various time and position using IR camera, it is possible to simultaneously 10
identify the unknown parameters: thermal diffusivity a, thickness d, and the heating 11
point position xo and yo. If the thickness and heating position are known in advance, 12
thermal diffusivity may be identified with higher accuracy due to the reduction of un- 13
known parameters. 14
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Fig.1 Infinite flat plate heated at a point on the surface 16
17
3. Experimental method 18

Experiment was carried out as illustrated in Fig. 2. A laser beam was irradiated to 19
the specimen, and surface temperature data was obtained by IR camera. The heating pe- 20
riod was precisely controlled using a digital timer. A ceramic plate made of alumina was 21
used as a specimen. Experimental parameters are summarized in Table.1. 22
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Fig.2 Experiment overview 24
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Table 1. Experimental parameters

Parameters Values
Thickness: d 20 mm
Thermal diffusivity: 7.7x10° m%/s
Thermal conductivity: & 21.95 W/m-K
Heat flux: ¢ 1.05W
Heating period: # 10 s or 50s
Measurement time t=0~50s
Measurement radius r=0~20 mm

4. Results

Table 2 shows the identification results of thermal diffusivity and thickness in the
case when the heating position is known. The time and radius data range used for the
identification was determined to minimize the influence of error factors such as laser
spot diameter and noise. These results indicate that, when the thickness is unknown,
step heating (=50 s) leads to smaller identification errors in both thermal diffusivity and
thickness, whereas pulse-step heating (#=10 s) results in larger error in thickness identi-
fication.

Table 2. Thermal diffusivity and thickness identification error when thickness is unknown

Heat stop time Data range Identified value and error
t r Thermal diffusivity Thickness
10s (Pulse-step) | 5~15s | 6~11mm | 83 x 10°m?s | 7.0% 13.4 mm 32.9%
50s (Step) 5~32.5s | 4~9mm | 8.1 x10°m%s | 4.4% 19.2 mm 3.9%

Table 3 shows the identification results of thermal diffusivity in the case when the
thickness and the heating position are known. The accuracy of thermal diffusivity iden-
tification is improved in both methods compared to Table 2, with a particularly signifi-
cant improvement observed in the case of pulse-step heating. These results indicate that
stopping the heating midway slightly improves the accuracy.

Table 3. Thermal diffusivity identification error when thickness is known

Heat stop time Data range Identified value and error
t r (Thermal diffusivity)
10s (Pulse-step) 5~15s 6~11 mm 7.5 x 10°m?¥/s 3.5%
50s (Step) 5~32.5s 4~9 mm 8.0 x 10°°m?/s 3.6%

5. Discussion

When the thickness is known, the pulse-step method yields slightly higher accuracy.

This is considered to be due to the increased sensitivity of thermal diffusivity during fit-
ting by using both the heating and cooling process. On the other hand, when the thick-
ness is unknown, the accuracy of thermal diffusivity identification by the pulse-step
method becomes inferior to that by the step method, and the accuracy of thickness iden-
tification is significantly decreased. This is considered to be because the thermal effect
from the rear surface is not sufficiently reflected to the surface temperature. In fact, con-
sidering the thermal diffusion length shown below, the minimum time # at which the
influence of the rear surface appears to the surface temperature is 13 s after the start of
heating in this experiment.
d?
d=2Jat &t = i (4)

a

In summary, the results suggest that the pulse-step method when the plate thick-
ness is known, and the step method when the thickness is unknown, enable more accu-
rate identification of thermal diffusivity. To improve the accuracy of thermal diffusivity
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and thickness estimation in pulse-step heating, it is necessary to increase the heating
time and sufficiently utilize the data range beyond 13 seconds after the start of heating.

6. Conclusion

A method to simultaneously identify the thermal diffusivity, thickness and heating
point position by a laser spot heating technique was developed. Experiments were con-
ducted to verify the method

It has been shown that both the step heating and the pulse-step heating methods
provided accurate identification of thermal diffusivity when the thickness is known in
advance. In the case when the thickness is unknown, the step heating method resulted in
higher accuracy than the pulse-step heating method. This is attributed to the need for
sufficient heating and appropriate selection of the data range used for fitting, in order to
capture the influence of the rear surface on the surface temperature.
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