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bstract

The photothermal displacement method has been known as a useful technique to measure the thermal properties, such as thermal conductivity
nd thermal diffusivity. However, the previous measurements of thermal properties have been performed only at a room temperature. But these
ould be not valid for all the temperature range because the different heat transfer mechanism by the phonon and phonon–electron scattering occurs

t a high temperature in a microscopic view. In order to obtain the thermal diffusivity of pure metals in correspondence to the temperature increase,

he surroundings of the sample should be heated and kept at steady state temperature conditions. Therefore, in this study, the new experimental
quipment is designed to satisfy such conditions. And the thermal diffusivities for four kinds of pure metals in the temperature range 300–673 K
re measured with high accuracy using the photothermal displacement method.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The measurement technique of thermal properties using pho-
othermal effects has been suggested with various methods until
ow. During 1980–1990, analysis of theoretical model based on
he principle of measurement has been performed and identi-
ed the possibility of measurements with the simple experiment
1–5].

In the latter half of 1990, the thermal diffusivity became to
e measured quantitatively with the delicate experimental device
nd the raw data processing [6,7]. After 2000, the measurement
as focused to expand the application range for various types
f materials.

Looking into the measurable materials, it became pos-
ible to measure the thermal properties of liquid or gas
aterials [8,9] and the solid materials and such as metals, non-

etals, semiconductors and bi-layer materials with thin film

10–12].
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Also, the measurement of thermal properties was applied to
nvestigate the characteristics of heat transfer for the materials
hich have a microstructure or nanostructure [13–15].
However, previous results of thermal properties have been

easured in a room temperature. Although the thermal diffusiv-
ty of the material was previously known, it will have a wholly
ifferent thermal diffusivity in a high temperature.

Therefore, in this study, the photothermal displacement sys-
em with the high accuracy, which can measure the thermal
iffusivity for the heated sample, is developed. Using the
eveloped system, the thermal diffusivity of pure metals, in
ccordance with the temperature change, is measured.

. Theory and principle

The principle for photothermal displacement method is
chematically illustrated in Fig. 1. When the modulated pump
eam is incident on the sample surface, the energy is absorbed by

he sample, which then gives a rise to the temperature increase.
his temperature change of the sample induces the thermoelastic
eformation on the surface of the sample and such thermoelastic
eformation depends on the thermal and optical properties of the

mailto:hyunkim@ajou.ac.kr
dx.doi.org/10.1016/j.tca.2006.12.019
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Nomenclature

a radius of the pump beam (m)
f modulation frequency (Hz)
Jo zero-order Bessel function
J1 first-order Bessel function
k thermal conductivity (W/m K)
L thickness of sample (m)
Lth thermal diffusion length (m)
P(t) wave shape of heat source (W)
P0 power of the pump beam (W)
Q heat source (W/m3)
R reflectivity
t time (s)
T temperature (K)
u displacement (m)

Greek symbols
α thermal diffusivity (m2/s)
αth thermal expansion coefficient (K−1)
δ integration variable
ζ deformation gradient (radian)
ηp eigenvalue of z direction
θ phase difference (◦)
λ optical absorption coefficient (m−1)
ν Poisson’s ratio
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σ stress (N/m2)
ω angular frequency (s−1)

ample such as thermal diffusivity and the absorption coefficient
nd so on. And neglecting the refraction by air on the surface of
ample, the difference of angle (ζ) between the incidence and
eflection beam is proportional to the gradient of deformation
= du/dr) as shown in Eq. (1).

du
∣∣
= 2

dr
∣∣
z=0

(1)

sing the relation such as shown in Eq. (1), the thermal diffu-
ivity can be determined by the comparison of the experimental

Fig. 1. The principle of a measurement and theoretical model. F
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nd theoretical values. In order to obtain the thermal diffusivity
n theory, the analysis of the temperature distribution onto the
ample should be carried out first. And then, apply the temper-
ture distribution result to the thermoelastic equation to obtain
he formula for deformation gradient.

To obtain the temperature distribution and the deformation
radient of the sample, a two-dimensional cylindrical solid
odel, which has a homogeneous and isotropic infinite plate
ith the finite thickness L and stress-free boundaries were cho-

en as shown in Fig. 1.
The governing equation is the 2D cylindrical heat conduction

quation with a heat source as shown in Eq. (2). The heat source
s expressed as shown in Eq. (4) using the radius of pump beam
ith a Gaussian profile and the exponential function of opti-

al absorption coefficient. The adiabatic condition is applied as
he boundary condition as shown in Eq. (3). When the analy-
is of temperature distribution was conducted, the effects of the
onvection and radiation heat transfer were neglected [16,17].

2T (r, z, t) + 1

k
Q(r, z, t) = 1

α

∂T (r, z, t)

∂t
(2)

∂T

∂z

∣∣∣∣
z=0,L

= 0 (3)

(r, z, t) = λP0(1 − R)

4πa2 e(−r2/a2)−λz(1 + cos(ωt)) (4)

Applying the result for the temperature to the thermoelastic
quation as shown in Eq. (5) and then solving the equation of
hermoelastic deformation with a free stress boundary condition
s shown in Eq. (6), the final equation, Eq. (7) about deformation
radient is obtained [16,18].

1 − 2ν)∇2�u + ∇(∇�u) = 2(1 + ν)αth∇T (5)

σrz|z=0,L = 0, σzz|z=0,L = 0, (6)

∂uz

∣∣∣∣ = (1 + ν)αthPλ2 ∫ ∞ δ2J1(δr) e−δ2a2/4

2 2
∂r z=0 2πkL 0 λ − ξ

×
∞∑

p=1

η2
pH(δ)[(−1)p − cosh(ξL)]

ξ(δ2 + η2
p)(ξ2 + η2

p) sinh(ξL)
dδ (7)

ig. 2. Photograph of experimental setup installed in the heating chamber.
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Fig. 3. Injection of N2 gas into the heating chamber.

here

(δ) = sinh2(δL) + (−1)pδL sinh(δL)

δ2L2 − sinh2(δL)
, ηp = pπ

L
(8)

hen, the phase difference can be formulated by the ratio of
maginary to real part of the probe beam deflection angle as
he following. Note that Eq. (9) is the function of a thermal
iffusivity, α.

(r, f, a, α, t) = tan−1
[

Im{(du/dr)z=0}
Re{(du/dr)z=0}

]
(9)

. Experimental apparatus

Fig. 2 shows the experimental apparatus in which the heat-
ng chamber is optically aligned and installed. The pump beam,
s a heating source, is a continuous Ar-ion laser with 488 nm
avelength and 1.3 mm diameter with Gaussian distribution.
he pump beam is modulated as a sine wave using A/O mod-
lator, controlled by lock-in amplifier. This modulated beam is
ocused on the sample surface with 120–140 �m diameter and
he beam power reaches the sample surface with 0.3 W after
assing through the acousto-optic (A-O) modulator, mirrors,
xpander and lens. It is critically important for the pump beam
o be adjusted perpendicular to the sample surface.

The probe beam is provided by a He–Ne laser with 633 nm
avelength and 5 mW power. The probe beam line is aligned

o the sample surface with 45◦ angle. And the probe beam is
ocused with 30 �m through the combination of lens.
In order to change the relative distance between the pump
nd probe beam, the probe beam is fixed. And the pump beam
ncluding the mirror, expander and lens and the sample are set
ogether on the autolinear translation stage to move in r direction

able 1
hermal diffusivity of pure metals

ure metals αliter (×10−5 m2/s) αmeas (×10−5 m2/s) R.E. (%)

g 17.3 17.579 1.6
u 11.6 11.544 0.5
e 2.3 2.332 1.4
i 2.3 2.327 1.2
n 4.4 4.429 0.6

.E.: relative error [19,20].

Fig. 4. Influence of each parameter f, L and L on the phase difference curve.
(
d

w
s
T
b

th

a) Effect of frequency f. (b) Effect of sample thickness L. (c) Effect of thermal
iffusion length Lth.

ith 0.2 �m resolution simultaneously. The driver of autolinear

tage is connected to the personal computer for feed back control.
herefore, the exact relative position between pump and probe
eam can be controlled and ensured in real time.
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Fig. 5. Phase differences for pure

The signal emerging from the detector is coupled with the
mplifier and is measured by the lock-in amplifier.

To increase the temperature of the sample from 300 to 673 K,
he heating chamber is devised as shown in Fig. 3. Five cartridge
eaters with 1 kW power are adhered to the inner side of heating
hamber. Consequently, the sample in the chamber is heated
y the radiation and convection heat transfer. The chamber is
esigned to consider the optical alignment and the injection line
f N2 gas as shown in Figs. 2 and 3. In order to minimize the
xidation of the sample by the air in the chamber the N2 gas
s injected to near the front surface of the sample at very low
peed.

As the samples, Ag, Cu, Fe, Ni, Ti, W and Zn with above

9.98% purity are used and polished with alumina powder to
void the local change of optical properties on the surface.
bove pure metals are adopted to the measurement of thermal
iffusivity at room temperature and then each values are com-

t
A
t
e

as the function of a temperature.

ared with the literature values. Also, thermal diffusivities of Fe,
i, W and Zn are measured at room temperature (300 K), 423,
73 and 673 K to obtain thermal properties in accordance with
emperature changes.

. Results and discussion

.1. Parametric study

To optimize the experimental measurement condition, the
arametric study was conducted. The phase difference is a func-
ion of various parameters as shown in Eq. (9). The influence of
ach parameter on the phase difference was examined through

he experiment, neglecting the effect of pump beam diameter a.
s a result, it was found that the modulation frequency f and

he sample thickness L have a large effect on the phase differ-
nce as shown in Fig. 4a and b. Also, the result for the influence
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Table 2
Thermal diffusivity of pure metals as the function of a temperature

Pure metals Thermal diffusivity (×10−5 m2/s)

300 K 423 K 573 K 673 K

L M R.E. L M R.E. L M R.E. L M R.E.

Fe 2.30 2.29 0.4 1.71 1.82 6.4 1.28 1.31 2.3 1.21
Ti 0.97 0.96 1.0 0.81 0.87 0.87 0.74 0.74 0.1 0.71 0.74 4.2
W 6.14 5.26 5.68 8.0 4.90 4.76 2.9
Z 3.89 3.47 3.53 1.7 3.14
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6.97 6.90 1.0 6.05 6.14
n 4.37 4.40 0.7 3.96 3.89

, measured value; L, literature; R.E., relative error [19,20].

f thermal diffusion length is shown in Fig. 4c. When the ther-
al diffusion length is longer or the frequency is lower, the

xperimental phase difference values agree much better with
he theoretical value. Because the thermal diffusion length is the
unction of frequency and thermal diffusivity (Lth = √

α/πf ),
he higher the modulation frequency is, the shorter the thermal
iffusion length becomes. Also, the measurable relative position
y the thermoelastic deformation is shorter. Therefore, the fre-
uency of the modulated beam is set to less than 200 Hz for the
easurement in Section 4.2.
The quantitative thermal diffusivities of pure metals are mea-

ured and listed in Table 1 through the developed photothermal
isplacement method. The comparison of the literature thermal
iffusivity (αliter) with the measured thermal diffusivity (αmeas)
hows within 1.6% of relative errors (R.E.).

.2. Thermal diffusivity as the function of a temperature

Fig. 5 shows the results of phase differences along with the
elative position between pump and probe beam at each temper-
ture. Fe, Ti, W and Zn were used for samples and measurements
ere done at 300 K, 423, 573 and 673 K. To ensure the set tem-
erature, the experiment was carried out after the inside of the
hamber as well as the samples, reached the steady state of each
et temperature.

At the same relative position, as the temperature of the sample
ncreased, the phase difference enlarged. The increase of phase
ifference means that the thermal diffusivity decreases because
he thermoelastic deformation occurs slowly according to the
ecrease of thermal diffusivity.

The quantitative thermal diffusivity was determined by using
he curve fitting obtained from the measured and theoretical
alues of phase difference. The measured thermal diffusivity is
hown in Fig. 6 and Table 2 per each temperature.

Fig. 6 shows that the measured thermal diffusivities were
ompared with the fitting curve of literature value versus the
emperature. The fitting curve was obtained from the thermal
iffusivity which is calculated from the thermal conductivity, the
pecific heat and the density at each temperature in the literature
19,20].

According to the temperature increase, it shows that the

ecreasing rate of thermal diffusivity for the metals is different
t each sample. In other words, the thermal diffusivity changes
ot linearly versus the temperature. The rate of thermal diffu-
ivity decreasing is analogous to the values in the literature. In

t
f
t
m

ig. 6. Comparison of measured and literature thermal diffusivity as the function
f a temperature.

able 2, those quantitative values are compared with literature
ata. The average of relative errors between them is calculated
t 3.5%.

. Conclusion

In conclusion, we improved the method for the determina-
ion of thermal diffusivity using the photothermal displacement

ethod. To obtain the thermal diffusivity from the measured
hase difference by photothermal displacement method, the the-
retical analysis has been achieved with a parametric study. The
urves between the theoretical and measured phase differences
re matched very well and the quantitative thermal diffusivity
an be determined for pure metals. Additionally, we developed

he method for the determination of thermal diffusivity as the
unction of a temperature using the photothermal displacement
echnique. When the temperature of sample increases, the ther-

al diffusivity decreases, showing that the decreasing rate of
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hermal diffusivity for the metals versus a temperature is not
inear.

Therefore, it is considered that the thermal diffusivity of pure
etals and new materials in a high temperature must be mea-

ured. Therefore, this technique can give one of solutions to
easure the thermal diffusivities of pure metals and new mate-

ials and to understand the heat transfer mechanism in a high
emperature.
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