JOURNAL OF MATERIALS SCIENCE 31 (1996) 86-89

Effect of specimen thickness on the thermal
diffusivity of (Sr, K)Zr,(PO,)s ceramic via a
laser-flash technique

DEAN-MO LIU
Materials Research Laboratories, Industrial Technology Research Institute, Chutung,
Hsinchu, Taiwan 31015

It has recently been found that the thermal diffusivity of materials determined by means of
a pulse method is strongly dependent on the specimen size, due to factors such as a strongly
negative temperature-dependent diffusivity and the non-linearity of the detector response,
etc. In polycrystalline (Sr, K)Zr,(PO,)s(SrKZP) ceramic, which has a low and weak
temperature-dependent thermal conductivity, it has been found the thermal diffusivity
increases with increasing specimen thickness and decreases with increasing specimen
temperature rise, AT. In the limiting of AT—0, the SrKZP ceramic shows a thickness-
dependent thermal diffusivity. The limiting diffusivity of the ceramic for different thicknesses
can be corrected to a value of 7.84 x 103 cm?s ™" by taking the radial heat conduction effect
into account. A reliable measurement of the thermal diffusivity of the SrKZP ceramic can be
obtained by using a specimen with thickness not exceeding ~1 mm and keeping the
specimen temperature rise to less than ~3°C.

1. Introduction

The first measurement of thermal diffusivity using
a pulse technique dates back to Parker et al. [1].
Because the sample size required is small and the
geometry is simple, together with a rapid data acquisi-
tion, the flash-diffusivity technique has become an
increasingly important and popular method for
measuring the thermal diffusivity of a variety of solids.
Later, Cape and Lehman [2] further modified Parker
et al’s model by taking the finite pulse-time effect into
account to correct the diffusivity data with high
accuracy.

Recently, a number of investigators [3-6] have
found that the measured values of thermal diffusivity
of solids decrease with increasing pulse energy. This
observation was found to relate to several factors,
such as uniformity of the energy pulse, specimen thick-
ness, non-linearity of the infrared detector response,
and the negative nature of the temperature-dependent
thermal diffusivity of materials. Hasselman and Mer-
kel [3] reported the effect of specimen thickness on
measured values of the thermal diffusivity of alumi-
nium nitride, a high thermal conductivity solid, with
the conclusion that a small temperature rise of the
specimen, not exceeding ~1°C, with a favourable
specimen thickness of near 3 mm, is essentially re-
quired for a reliable measurement. The requisite of
a smaller specimen temperature rise in their experi-
ment is to ensure a linear response of the infrared
detector which they used and to avoid a decreased
diffusivity due to the strongly negative nature of the
temperature-dependent diffusivity of AIN. A similar
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trend was also seen in graphite materials [4]. In view
of these experiments, all the diffusivities measured
under a variety of test conditions for a specific mater-
ial tend towards a limiting value, regardless of the
thickness effect, once the specimen temperature rise
approaches 0°C. Because, to the best of our know-
ledge, most of the investigations concerning the above
discussion are on high thermal conductivity materials,
it is essential to consider whether a solid possesses low
thermal conductivity, or even has a weaker temper-
ature-dependent diffusivity. Therefore, in this study,
a low-conductivity material [ 7], (Sr, K)Zr4(PO,)s, was
employed. The effect of sample thickness on the meas-
ured value of the thermal diffusivity of
(S1, K)Z14(PO,)s(SrTKZP) was investigated.

2. Experimental procedure

Specimens used for this study were cut ultrasonically
from a single hot-pressed block of STKZP into a disc
shape with dimensions of 10 mm diameter, and thick-
ness varying from 0.68-3 mm. These specimens were
gold-sputtered to approximately 100 nm thick, fol-
lowed by slightly coating with colloidal graphite in
order to promote the entire absorption of incident
pulse energy. The energy pulse was generated from
a ruby laser having a beam diameter of 10 mm. The
energy of the laser pulse was adjustable by controlling
a capacitor discharge voltage, and the minimum volt-
age required to yield a uniform laser pulse was
~2.3kV, corresponding to an energy of 2.5J. The
thermal diffusivity (Ulvac, Sinku-Riko, Inc., model
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TC-3000H) of the specimens was obtained by
monitoring the transient temperature of the rear face
of the specimen by means of a liquid-nitrogen-cooled
InSb infrared detector, which views the specimen, at
a distance of 30 cm from the centre of the specimen,
through a circular sapphire window of diameter
30 mm. To reduce the heat losses by any possible heat
conductance, the specimen was mounted in a low-
conductivity quartz glass sample protector and placed
in a vacuum environment.

To facilitate the measurement, each specimen was
attached on the rear face to a 0.1 mm diameter Pt-Rh
thermocouple with the aid of silver paste, to allow
simultaneous measurement of the specimen temper-
ature rise, AT, during the measurement of thermal
diffusivity.

Prior to conducting the experiment, 1t was neces-
sary to examine the relation between specimen tem-
perature rise and infrared detector output. A graphite
disc, 3 mm thick, was employed with a thermocouple
inserted into a hole of depth approaching the tip size
of the thermocouple, and bonded with a silver paste.
Fig. 1 shows the resulting non-linearity of the temper-
ature rise—detector output relationship, which can be
described by a third-power polynomial equation,

Output (mV) = 0.004 (A T)® + 0.104 (AT)?
+ 4.128AT) + 0256 1)

Equation 1 is substantially different from that ob-
tained in the system used by Hasselman and Merkel
[3]. This finding implies that the AT-IR response
correlation varies system by system and thus Equa-
tion 1 cannot be strictly applicable to other infrared
detectors.

3. Results and discussion

Because the detector output varies with specimen tem-
perature rise, AT, in a non-linear manner, Fig. 1 sug-
gests that a temperature rise of no more than ~3°Cis
an essential requirement for a reasonable linear de-
tector response. Nevertheless, sufficient deviation may
arise between the detector and the real specimen tem-
perature rise, AT, if AT is greater than 3 °C, and which
can cause significant error in quantitative estimation
[4,5].

The effect of specimen thickness on the thermal
diffusivity of the STKZP ceramic is illustrated in Fig. 2
with different pulse energies. The values of thermal
diffusivity increase with specimen thickness, which
resembles the trends for AIN [3] and graphite [4], up
to a thickness of 2.5 mm. The diffusivity decreases with
further increase of the specimen thickness. This de-
crease in diffusivity for a 3 mm thick specimen is
probably due to an unfavourable specimen diameter
to thickness ratio. The thermal diffusivity of the speci-
men in turn, decreases with increasing energy of the
laser pulse for a given specimen thickness. The degree
of the difference in diffusivity becomes more pro-
nounced for the thinnest specimen than for the thicker
one, e.g. 2.5 mm. This may be caused by a non-lin-
earity response of the infrared detector output
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Figure I Response of the infrared detector as a non-linear function
of specimen temperature rise, measured at 25 °C.
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Figure 2 Thermal diffusivity of the STKZP ceramic changes with
specimen thickness for different pulse energies: (O) 107, (() 8 1, (<)
5J,(A)25 7).

mentioned above (Fig. 1 and Equation 1), because the
temperature rise in the thinner specimen is higher than
that in the thicker one for a given pulse energy. This
non-linearity in detector output causes excessive tem-
perature rise and leads to a lower value of diffusivity.
Factors such as the negative temperature-dependent
diffusivity of the STKZP ceramic, even a weak depend-
ence, may also have a certain contribution to reducing
the thermal diffusivity, particularly for the thinner
specimens.

Fig. 3 shows a summary of the experimental data
for the thermal diffusivity measured for various speci-
men thicknesses and pulse energies with respect to
specimen temperature rise. It is interesting that the
thermal diffusivity of the ceramic approaches a limit-
ing value depending on the specimen thickness as
AT — 0. That is, specimens of different thicknesses
exhibit different values of thermal diffusivity even
when other effects, such as specimen temperature rise,
non-linear response of the infrared detector, are ne-
glected. This finding is significantly different from that
observed in AIN, graphite, and metals such as copper,
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Figure 3 Thermal diffusivity of the STKZP ceramic with respect to
temperature rise at 25°C for various specimen thicknesses: (O)
0.68 mm, (OJ) 1.00 mm, (A) 1.50 mm, () 2.14 mm, (A) 2.50 mm.

iron [5, 6,8]. Therefore, explanations appearing in the
literature for the influence of specimen size, AT, and
laser-beam uniformity, etc., are not satisfactory in
accounting for this behaviour. Furthermore, the ther-
mal diffusivity of the STKZP ceramic is low and the
laser pulse can be regarded as an instantaneous heat
source, the finite pulse-time effects proposed by Cape
and Lehman are negligible [2].

The thermal diffusivity, o, can be evaluated by the
relation [9]

o = (tyfte) L*/tyon? 2

where t;,, is the time required for the rear face of the
specimen to reach half-maximum in its temperature
rise and t{ = L?/n?q) is defined as the characteristic
time for a heat pulse to propagate the specimen of
uniform thickness, L. For an adiabatic condition,
t12/t, = 1.37 and Equation 2 can be rewritten [9]

o

Il

137L2/t1/2 7'[2 (33.)
or

o

i

0.1388 L2/t (3b)

The numerical value 0.1388 is defined as a dimension-
less half-time, T, (i.c. ty,,/t.n?) for the adiabatic case
and which can be altered due to heat losses [2,9, 10].
However, the thermal diffusivity determined from
Equation 2 or 3 is strictly confined to one-dimensional
(axial) heat conduction. For such a low thermal con-
ductivity STKZP ceramic, a longer t. is a reasonable
estimation and the consideration of a two-dimen-
sional conduction analysis (axial and radial) is essen-
tially required. Donaldson [11] considered a radial
conduction effect in a specimen following an instan-
tanedus disc source of energy and found that the di-
mensionless half-time (t = t,,,/t;n”) can be modified
according to the amount of heat loss (Y, usually from
radiation), and ¢, the ratio of pulse radius to sample
thickness (R/L). By applying the dimensionless radial
temperature distribution, T, appearing in Germand’s
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Figure 4 Dimensionless half-time as a function of the ratio of pulse
radius, R = 5 mm, to specimen thickness, L.

text [12], an integral function gives

e 82+ 8% (3%
e L e () ul) e

where & is referred to as the ratio of the radial position
to the sample thickness, and ¢ is the ratio of the pulse
radius (R = 5 mm in this study) to the sample thick-
ness. For a specimen of thickness approaching 0,
Equation 4 approaches unity, indicating a negligible
radial conduction effect. The dimensionless axial tem-
perature distribution, T',, has the form

T. = 1+2) cos(mn&)exp(—n’n?t) (5

where & is the ratio of axial position to the sample
thickness. Equation 5 is valid only for a slight or
negligible heat loss Y (~4ecT?/K, where ¢ is the
hemispherical total emissivity of the sample, o is the
Stephan-Boltzmann constant, and K the thermal con-
ductivity of the material). The half-time, 1, due to
radial conduction effect, can be deduced inversely
from Equation 4 with respect to the specimen thick-
ness and a resulting curve (for the case of Y = 0) is
obtained as shown in Fig. 4. 7 is close to 0.1388 (Equa-
tion 3) when the specimen thickness is below approx-
imately 0.5 mm, in which case the radial conduction
effect is negligibly small. Increase of the specimen
thickness causes a decrease in t, indicating an increas-
ing degree of radial conduction effect for thicker speci-
mens. On modification of the dimensionless half-time
{(in Equation 3) to the corresponding limiting thermal
diffusivity for each specimen thickness, Table I gives
the corrected thermal diffusivities for different thick-
nesses, which are closely consistent, regardless of the
effect of specimen thickness. An average thermal dif-
fusivity (7.84 x 1073 cm?s™ 1) is then obtained and is
considered to be the true thermal diffusivity of the
SrKZP ceramic. Accordingly, the optimum specimen
thickness for an accurate measurement of the thermal
diffusivity of the StKZP ceramic should not be greater
than 1 mm and to be more precise, 0.5-0.6 mm is
favourable.



TABLE I The thermal diffusivity, (x) of the SfKZP ceramic of
different thicknesses before (read from Fig. 3 as AT — 0) and after
correction (taking the radial conduction effect into account, Fig. 4),
for the case of negligible heat losses

Thickness (mm) Limiting o after correc-
o (1073 cm? tion (1073
st cm?s7Y)

0.68 8.35 7.98

1.00 8.49 7.93

1.50 8.60 7.70

2.14 9.25 7.85

2.50 9.37 7.75

Average thermal diffusivity = 7.84x 1072 cm? s~*

4. Conclusion and implications
The effect of specimen thickness on the thermal diffus-
ivity of a low thermal conductivity (S, K) Zry(PO.)s
ceramic was investigated by using a laser-pulse tech-
nique with various pulse energies. The increased ther-
mal diffusivity due to increase of specimen thickness
and decrease with increasing pulse energy was prim-
arily a result of the non-linear response of the infrared
detector coupled with an excessive specimen temper-
ature rise (for AT > ~3°C). Taking the radial con-
duction effect into account, a more reliable measure-
ment of thermal diffusivity using a specimen of thick-
ness not exceeding 1 mm (especially 0.5-0.6 mm), and
a temperature rise less than ~3°C, can be achieved
for the STKZP ceramic.

In view of the present study, together with related
reports in the literature, it is seen to be critically
important to establish experimentally a thermal

diffusivity—thickness correlation with more refinement
for pulse methods for a wide variety of materials.
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