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Thermal characterization of alumina—zirconia and zirconia ceramic tapes using a photoacoustic technique
is presented. A transmission-mode geometry is employed for the measurement of thermal diffusivity
while a reflection-mode geometry is used for the measurement of thermal effusivity. In both these geome-
tries, the same open photoacoustic cell is used. From the measured values of thermal diffusivity and ther-
mal effusivity, the thermal conductivity value has also been evaluated.
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1 Introduction

Ceramics are considered to be one of the most suitable components for the fabrication of many of the
devices used in the electronics and optoelectronics industries such as substrates for fiber-optic
waveguides in integrated optics and components in microelectronics. In the case of ceramics, thermal
accumulation causes thermally induced stresses in the sample, which in turn causes failure and deteriora-
tion in ceramic-based devices. Since ceramic tapes are used for microelectronic device fabrication, a
thorough knowledge of the thermal parameters is essential. Even though ceramics are crystalline materi-
als, like metals; they have little or essentially no electrical conductivity at room temperature because of
fewer free electrons. They have high stability and, on an average, higher melting points and greater
chemical resistance than metals and organic materials. The wear-resistance properties and high abrasion
resistance behavior of the alumina—zirconia ceramic composites have been the focal point of many re-
searchers [1]. This paper considers the thermal characterisation of alumina—zirconia and zirconia ce-
ramic tapes using the photoacoustic (PA) method.

During the last decade, several methods have been developed for the nondestructive characterization
of thermal, optical and structural properties of materials [2—9]. The laser-induced PA method has gained
more popularity due to its simple, elegant experimental scheme as well as its versatility in employing
different configurations to measure the required thermo-physical parameters with great accuracy [10—
12]. The principle of the effect is that a sample in a closed cell illuminated by modulated light at audio
frequencies produces an acoustic signal due to thermal waves resulting from nonradiative relaxation
processes in the medium.
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The PA technique has been made use of by many scientists for the measurement of thermal parame-
ters of thin films and solid samples [13—22]. Since the phase shift of the signal does not depend on the
optical properties of the sample, it is simpler to extract information on the thermal diffusivity (TD) from
the experimental results.

2 Theoretical background

2.1 Thermal-diffusivity measurement

The temperature field in a homogeneous, linear-conducting solid in the absence of an internal heat source
is described by the well-known equation,

1 dT
VT=——". 1
a ot M)
The parameter « is the TD, given by
a=t, @
pC

where k is the thermal conductivity, p is the density and C is the specific heat capacity of the material.
TD is an important thermophysical parameter, which essentially determines the diffusion of heat through
a sample. The inverse of TD is a measure of time required to establish thermal equilibrium in a system
for which a transient temperature change has occurred [23, 24].

The heat-transmission configuration is depicted in Fig. 1. For an optically opaque solid, the entire
light is absorbed by the sample at x = 0 and the periodic heat is generated at the same place. Assuming
that the heat flow into the air (ambient) in contact with the front surface of the solid is negligibly small,
the thermal waves generated at x = 0 will penetrate through the sample to its rear surface. The heat thus
reaching the sample-air interface at x = —/, will get attenuated after travelling a very small distance called
the first thermal diffusion length in air. The thermal diffusion length is given by [5]

(2.
[0

where @ =2nf and f is the modulation frequency of the incident light. Consequently, this periodic-
heating process, arising as a result of the periodic absorption of light at the interface at x = 0, results in an
acoustic piston effect in the air column in between the sample and the microphone.

According to the one-dimensional heat-flow model of Rosencwaig and Gersho [25, 26], for the ar-
rangement schematically shown in Fig. 1, the pressure fluctuation in the air inside the chamber is given
by [25-27],

_ 7/})0]0 (agas )1/2
 (2m) [Tk, f sinh (,0,)
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o

where y is the ratio of specific heat capacities of air, P, and T, are the ambient pressure and temperature,
1, is the radiation intensity, f is the modulation frequency, and /, k; and «, are the length, thermal conduc-
tivity and the TD of the medium. i = g, 0, s refers to the air, the ambient (air) and the solid sample,
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Fig.1 Schematic representation of the open-cell geometry.
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respectively. Also, o, = (1 +/) a; where a, = (nf/a;)"?* is the thermal diffusion coefficient of the medium i.
In arriving at the above expression it is assumed that the sample is optically opaque.
For a thermally thin sample (i.e. [a, < 1), the expression for O reduces to

7/]30[00(;/2&S g/ (@=314)

(27[)3/2 T;)l lk ‘f3/2

ghs™s

0= (%)
The above expression implies that the PA signal (PAS) amplitude from a thermally thin sample under the
heat-transmission configuration varies as > and the phase is insensitive to the variation in the modula-
tion frequency.

When the sample is thermally thick (i.e. [a, > 1), the expression for O becomes

vR I, ((Zgas)m exp[—ls(ﬂﬂas)”z] o @ T2a)
nTil,k, f '

o= (6)

The amplitude of the PAS decreases with the modulation frequency as (1/f)exp (—b\/7 ) with

b=1+/7/a,, while the phase ¢ decreases linearly with b\/7 . Hence, the TD (a,) can be evaluated either
from the amplitude data or from the phase data, provided the sample is optically opaque and thermally
thick in the frequency region of interest. Although the phase and amplitude of the PAS contain a clear
signature of the thermal properties of the specimen, phase data is more reliable for the open-cell configu-
ration (OPC) since the amplitude data depends on many external parameters, such as sample surface
quality and detector response at different wavelengths.

2.2 Thermal-effusivity measurement

Another useful thermal parameter, namely the thermal effusivity (TE), measures the thermal impedance
of the material. It is the ability of the sample to exchange heat with the environment and hence it is an
important parameter for surface heating and cooling processes. The major difference between TD and TE
is that TD is a bulk property of the sample, whereas the TE is a surface property. The TE is defined as

e, =k/\Ja, =JkpC. ()

The feasibility of the PA technique for the simultaneous measurement of thermal conductivity and heat
capacity has already been established [28]. TE and thermal capacity values of ceramic tapes have great
importance when they are used for microelectronic device fabrication or used as thermal barriers in inte-
grated optics.

When the sample is kept in contact with a thermally thin absorbing layer, the acoustic pressure in the
microphone chamber is given by the equation

1/2
_ vERly(a,0,) Jwi-n/2)

o= Qm) Tk f

) ®)

where /, is the length of the gas column in the cavity. The acoustic signal varies as 1/f* and is propor-
tional to the ratio +/ &, /k, the inverse of the TE of the sample.

In the absence of the sample (i.e. only the absorbing layer is present) the pressure fluctuation inside
the cavity is given by

}/P()[(Ja;/zao ej(wt73n/4)
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Q2 (27[)3/2 T;)lgloko f3/2 ( )

The PAS varies as f*? and depends on the ratio «,/k,, so that we get
30 Ik e, o o)

80, «a, k
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Fig.2 Schematic diagram of the experimental setup.

This facilitates the normalization of the instrumental factor. The TE of the sample can be evaluated by
measuring the signal amplitude as a function of the modulation frequency from the absorbing layer—
sample composite and that from the absorbing layer alone, provided the thickness, density and specific
heat capacity of the thin absorbing layer are known [29].

3 Experimental details

The experimental setup consists of an Argon ion laser (Liconix 5000 series, 488 nm, cw), a mechanical
chopper (Stanford Research Systems SR540) and the OPC. The schematic of the experimental setup is
given in Fig. 2. The OPC has provisions for both rear-side and front-side illumination.

The intensity-modulated optical radiation from the argon ion laser is allowed to fall on the sample
kept inside the OPC. The PAS generated in the cell is detected using a sensitive electret microphone
(Knowles BT 1834) and is amplified using a lockin amplifier. The phase and amplitude of the PAS are
recorded using a digital lockin amplifier (Stanford Research Systems SR 830). Samples in the form of
free-standing ceramic tapes are pasted on aluminum foils using thermal paste to avoid mechanical vibra-
tions of the samples due to its periodic dilation (drum effect) during irradiation [19].

3.1 Sample specifications

The investigations were carried out on green ceramic tapes obtained from CMET, Thrissur. All the sam-
ples have a uniform thickness of 70 pm. The green tapes are prepared by the tape-casting technique [30]
in which highly uniform ceramic sheets with no agglomeration or density gradient are obtained. These
tapes have a polymer network in which ceramic particles are embedded uniformly [30, 31] and hence the
heterogeneous (disordered system) treatment [32] is not considered. Therefore, no porosity is expected at
the green stage. Only after the binder (polymer) burns out will porosity appear. The uniformity of green
tapes is checked by cutting pieces from different portions of the tape and measuring the green density,
which gives the same value. In the case of alumina—zirconia tapes, the utmost care is taken during the

Table 1 Sample specifications.

samples % % % of plasticizer %
ceramic binder (phthalates and glycols) solvents

Al,0,/Zr0O, 36.41 21.5 3.33 38.76

ZrO, 57.71 3.09 4.11 35.09

Note: In the case of AL,O,/ZrO, (alumina—zirconia) the solvent is water and the binder is polyvinyl alco-
hol (PVA) and for ZrO, the binder is polyvinyl butyral (PVB) and the solvent is water.
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Fig.3 Geometry for the measurement of (a) thermal diffusivity and (b) thermal effusivity. Cross-sectional view of
OPC: 1 microphone, 2 sample, 3 aluminum foil, 4 acrylic body, 5 glass window.
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preparation stages to adjust the pH and zetapotential of individual slurries before mixing to avoid both
homo- and hetero-flocculation. Specifications of the samples are given in Table 1.

3.2 Thermal-diffusivity measurements

The rear-side illumination or the so-called heat-transmission configuration is used for the present inves-
tigations. The ceramic tape sample is pasted on thermally thin aluminum foil (5§ pm thickness) using a
thermal paste and is fixed to the top of the OPC using vacuum grease at the edges. The cell is arranged
such that the modulated laser beam falls on the aluminum foil. The PAS phase is measured as a function
of the modulation frequency. The same experiment is repeated with the aluminum foil alone. The differ-
ence in phase readings of the two observations gives the phase for the sample under investigation corre-
sponding to different modulation values.

It may be noted that the one-layer treatment of PA is valid in this context as the thickness of the back-
ing aluminum foil can be neglected since it conducts approximately the entire thermal signal through the
foil.

3.3 Thermal-effusivity measurements

The same ceramic tape samples used in the experiment in reflection-mode geometry [33] and OPC were
used for the TE measurements. The sample is pasted onto aluminum foil and the sample-aluminum foil
combination is mounted on the PA cell so that the free surface of the sample faces the ambient. Irradia-
tion is made through the front glass window and thermal waves are generated from the aluminum—gas
interface.

4 Results and discussion

The variations of phase difference in the PAS (difference in the phases corresponding to the aluminum
foil alone and the ceramic tape pasted on the aluminum foil) as a function of modulation frequency under
the heat-transmission configuration for the samples under investigation are shown in Fig. 4.

The TDs of the samples are calculated from the slopes of the straight line graphs and are tabulated in
Table 2. Literature values [34—38] of the TDs of pure ceramics and ceramic films are also included for
comparison. Since tape casting is a batch process, there may be changes in the thermal parameters from
batch to batch and these will depend on the presence of additives and binders, which are added during
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Fig. 4 Variations of PAS phase difference as a function of modulation frequency for (a) alumina—

zirconia and (b) zirconia samples.

the tape-casting process. Values of thermal parameters of ceramic tapes are not available. However,
it is seen from the table that the TD values calculated using the PA technique are of the same order of
magnitude as that of the literature values of bulk materials. It is found that the presence of additives
changes the TD of the compound. Alumina has a higher TD (~0.1 cm?s) [35, 38] compared to zirconia
(~0.001 cm?/s) [36]. The TD of the alumina—zirconia compound is greater than that corresponding to

07104  (a) ALUMINA-ZIRCONIA
0.705
0.700
0.695
éowo e
0.685
0.680

0.675

0.670

Sqrt.Frequency HZ"

—T—TT T T T
95 100 105 11.0 115 120 125

R/Ro

0.724

0.722

0.720

0.718

0.716

(b) ZIRCONIA

T T T
10.0 10.5

T
11.0

T T
11.5 12.0

Sqrt.Frequency (HZ")

Fig. 5 Variation of ratio of PAS amplitude as a function of modulation frequency for (a) alumina—

zirconia and (b) zirconia samples.
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Table 2 Values of TD, TE and thermal conductivity values.
sample TD thermal TE TD
(cm?s™) conductivity (Ws"”?em?K")  (em?s™)

(Wem™ K™ Refs. [34-37]
zirconia 0.0044 + 0.0001 0.049 + 0.001 0.74 +£ 0.02 0.002-0.005
alumina— 0.0550 + 0.0001 0.0610 + 0.0001 0.260 = 0.001 between 0.1
zirconia and 0.002

zirconia. Hence, the enhancement in thermal diffusion of the compound sample will be due to the pres-
ence of alumina. This shows that ceramic tapes with the required intermediate values of thermal param-
eters can be prepared by mixing appropriate amounts of different materials. The difference in the actual
value can be attributed to the presence of materials other than ceramics.

Figure 5 shows the variation of the ratio of the PAS amplitude between the sample attached to the
aluminum foil and the aluminum foil alone as a function of modulation frequency. The TEs are calcu-
lated from the slopes of the straight-line fits.

5 Conclusions

The present study clearly shows that the PA technique is an effective tool for the thermal characterization
of ceramic samples. The details of investigations carried out on the thermal parameters of different ce-
ramic (green) tape samples and the results obtained are presented. Analysis of results shows that the TD
values depend on the constituents of the medium. Mixing one ceramic with another changes the effective
thermal parameters of the sample. The deviation from the actual value of the TD of pure ceramics is
attributed to the presence of materials other than ceramics.
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