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Measurements of IR Spectra and Thermophysical Properties of Tetragonal Zirconia
by Thermal Radiation Calorimetry
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Normal emission spectra from a clear surface of tetragonal zirconia ceramic stabilized by 5.3 wt% yttria are measured in
the frequency range of 200–4500 cm−1. The values of the hemispherical total emissivity are derived from a spectral analysis
based on virtual mode equations and Kramers-Krönig relations. With these values, thermal conductivity data are obtained from
measurements of temperature gradients in the sample at temperatures between 400 K and 850 K. Heat capacity measurements
are carried out by quasi-static thermal radiation calorimetry. The present results are consistent with data in the literature
obtained by other methods. Based on the comparison of the spectral reflectivity with the emission spectrum, it is suggested
that the effects of radiation heat transfer in the ceramic sample may be compensated for by the scattering process of grain
boundaries.
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1. Introduction

Thermal radiation calorimetry (TRAC) has been developed
for simultaneous measurements of thermophysical and dielec-
tric properties, in which the radiation heat transfer between
a disk-shaped sample and a heater in a vacuum chamber
has been considered under several geometrical conditions.1–4)

For the specific heat capacity measurement, the sample was
heated on both surfaces. Thermal conductivity was deter-
mined from measurements of the temperature gradient in the
sample and the radiant power from the sample heated on the
back surface. In these calorimeters, both disk surfaces of the
sample were blackened with a material whose surface emis-
sivity is known and calibration processes with a reference ma-
terial were required.

Recently, we proposed a method to derive the hemispher-
ical total emissivity from the normal emission spectrum of
the bare surface of a sample.5) The basic idea refers to vir-
tual mode equations for an ionic crystal slab,6) in which the
spectral response of the slab is given as a function of emis-
sion angle, slab thickness and the dielectric response func-
tion. It is well known that the dielectric function can be de-
rived from a Kramers-Krönig analysis of the normal spectral
reflectivity. For this analysis, we derived the normal reflec-
tion spectrum from the normal emission spectrum on the basis
of Kirchhoff’s law for thermal radiation. Consequently, we
obtained the hemispherical total emissivity and the thermal
conductivity of silicate glasses by TRAC without blackening.
The samples suitable for testing this method are thermally in-
sulating materials in which transmission may occur at higher
frequencies in the IR region, because the radiation heat trans-
fer caused by transmission in the sample may become an error
source in the values of thermal conductivity through the emis-
sivity. The effects of radiation scattering in the sample were
neglected in the previous study.5)

In ceramics such as zirconia in which transmission oc-
curs at lower frequencies than in silicate glasses, the effects
of transmission as well as radiation scattering in the sample
may become large. However, the scattering process by grain
boundaries in a ceramic sample is expected to decrease the
effects of the radiation heat transfer on the values of ther-
mal conductivity. Zirconia ceramics are remarkable materi-

2. Theoretical background

2.1 Thermal conductivity
TRAC theory has been described in detail in the previous

paper.2) Let us suppose that a disk shaped sample with thick-
nessd is heated on one face (S1) by a flat heater in a vacuum
chamber. Another surface (S0) of the sample is not blackened
in the present setup for spectral emissivity measurement. If
we assume that the temperature distribution in the sample is
one dimensional and linear, we can express the conductive
heat flow from surface S1 at temperatureT1 to S0 at T0 as
λ(T1− T0)/d, using the thermal conductivityλ. On the other
hand, the radiant power from the surface S0 to the chamber
at temperatureTr is given byεσ (T4

0 − T4
r ) with the hemi-

spherical total emissivityε of S0 and the Stefan-Boltzmann
constantσ . These two expressions of the heat flow should
satisfy Kirchhoff’s law at boundary S0, that is,

λ(T1− T0)/d = εσ (T4
0 − T4

r ). (1)

The effects of radiation heat transfer, including scattering in
the sample, are not considered in eq. (1) but are discussed
in §4. To obtainλ from the surface temperatures in eq. (1),

als because of their excellent mechanical and electrochemical
properties at high temperature. It is known that the high-
temperature tetragonal and cubic phases7,8) of zirconia are
stabilized at room temperature by doping different contents
of yttria,9) although the room-temperature phase of pure zir-
conia takes a monoclinic structure.10) Among these phases, a
tetragonal zirconia stabilized by 5.3 wt% yttria is considered
to be one of the standard materials for thermal insulation coat-
ing.11,12)

In this paper, the spectral TRAC mentioned above is ap-
plied to the tetragonal zirconia of a fine ceramic. The hemi-
spherical total emissivity of the tetragonal zirconia is derived
from the normal emission spectra between 400 K and 850 K.
With this emissivity, the thermal conductivity is obtained by
TRAC at steady state. The specific heat has been measured
from 540 K to 840 K by quasi-static TRAC. The present re-
sults for the thermal conductivity and the specific heat ca-
pacity are compared with those obtained by different tech-
niques.11,13) The effects of radiation heat transfer and scatter-
ing in the sample are also investigated.
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we must simultaneously determineε of the bare surface S0,
which is usually calculated from the directional emissivity. If
we write the latter asε(ν, θ), whereν andθ are, respectively,
the frequency and the emission angle, the hemispherical spec-
tral emissivity,εν , can be calculated by

εν = 2
∫ π/2

0
ε(ν, θ) sinθ cosθdθ. (2)

This gives the hemispherical total emissivity as

ε =

∫ ∞
0
ενW(ν, T)dν∫ ∞

0
W(ν, T)dν

, (3)

whereW(ν, T) is Planck’s emissive power atT = T0. Fuchs
et al.6) have shown that the optical properties of an ionic slab
are explicitly described in terms of virtual mode equations if
the dielectric functionξ(ν) is known. In the present case, the
directional emission spectrum of an ionic crystal slab on a
conducting substrate can be written as

ε(ν, θ) = 1− 1

2

{∣∣∣∣2− Lp

Lp

∣∣∣∣2+ ∣∣∣∣2− Ls

Ls

∣∣∣∣2
}
, (4)

where

Lp = 1− i
β

β0ξ(ν)
tan(βd), (5)

Ls = 1+ i
β

β0
cot(βd), (6)

with β = 2πν {ξ(ν)− sin2 θ}1/2 andβ0 = 2πν cosθ . On the
other hand, the dielectric function is related to the complex
refractive indexnc(ν) as√

ξ(ν) = nc(ν) = n(ν)+ ik(ν), (7)

wheren(ν) andk(ν) are, respectively, the real and imaginary
parts of the complex refractive index. Thus, we can calcu-
late the emissivity from the virtual mode equations, know-
ing the dispersion of the complex refractive index. Prior to
the Kramers-Krönig analysis, we refer to the normal emis-
sion spectrumε(ν, 0), since it can be transferred to the normal
reflection spectrumR(ν, 0) based on Kirchhoff’s law for ther-
mal radiation.14,15) For the frequency range where the sample
shows no transmission, it becomes

R(ν, 0) = 1− ε(ν, 0). (8)

In the high-frequency range where transmission is observed,
Kirchhoff’s law can be written as

T∗(ν)+ R∗(ν)+ ε(ν, 0) = 1, (9)

whereT∗(ν) and R∗(ν) are the apparent transmittance and
reflectivity, respectively. If we can estimate the dispersion
relation of the refractive index in this region, we are able to
calculateR∗(ν), since the normal reflectivity for unpolarized
light is generally given by

R∗(ν) =
∣∣∣∣nc(ν)− 1

nc(ν)+ 1

∣∣∣∣2 . (10)

For an ionic crystal slab, transmission usually occurs above
the highest longitudinal optical (LO) mode frequencyνL in
the slab. It is well known that the reflectivity becomes zero

at a frequencyνR slightly aboveνL as long as the sample is
a bulk material. On the other hand,nc(ν) at very high fre-
quency can be approximated to the refractive index for visi-
ble lightn∞. Consequently, eq. (10) forν ≥ νR is considered
a smooth function with a minimum close to zero aroundνR

and asymptotically approaches a constant value given byn∞
at high frequency. The functional form of the reflectance in
this high-frequency region can be estimated from an empir-
ical form of the dielectric function. For simplicity, we shall
use a dielectric function with a harmonic oscillator form

ξ(ν) = n2
∞(ν

2
L − ν2)/(ν2

T − ν2), (11)

whereνT is the frequency of the transverse optic (TO) mode
responsible for the highest LO mode.

Using eq. (8) forν ≤ νR and eqs. (9)–(11) forν ≥ νR, we
can obtain the complex refractive index through the Kramers-
Krönig analysis. It is, however, not preferable to use the imag-
inary part obtained from eq. (11) for further analysis above
νR, since eq. (11) is real. On the other hand, the energy of
the IR radiation traveling along the optical path lengthL in a
medium with low reflectivity can be written by the absorption
coefficientα(ν) = 4πν · k(ν) as

T∗(ν) = e−α(ν)L . (12)

From eqs. (9) and (12) we can estimatek(ν) for ν ≥ νR where
the sample may be transparent for infrared radiation. It is
important to note thatL must be read as 2d for an ionic slab
on a perfect metal, because the conducting substrate functions
as a perfect mirror.

2.2 Quasi-static TRAC for heat capacity measurement
In order to obtain the specific heat capacityCp, we must

heat the sample in such a way that the temperature distribution
in the sample is as small as possible. One of the best ways to
do this is to surround the sample with a heater. Let us suppose
that one more flat heater is mounted above the sample. When
the sample is heated slowly on both sides by the IR radiation,
the time rate (dTs/dt) of the sample temperature (Ts) can be
written as1)

MCp
dTs

dt
= EhAs(Ih − Is)− EsAs(Is− Ir)− d

dt
Q(Ts),

(13)

whereM is the mass, andAs the surface area of the sample.
Eh and Es are, respectively, the effective emissivities which
express heat-exchange coefficients by radiation between the
heater and the sample, and between the sample and the en-
vironment (vacuum chamber). These coefficients are func-
tions of the surface emissivities of the sample and the heater,
and depend on their geometrical configuration in the chamber.
The radiant powerI j of the surface covered with a perfect ab-
sorber at temperatureTj is given byσT4

j , where subscripts
j = s, h andr refer to the sample, the heater and the vacuum
chamber, respectively. The last term on the right-hand side of
eq. (13) is the heat loss per unit time through the thermocou-
ple leads and ceramic pipes supporting the sample. Since we
cannot measure the emission spectrum of the sample with the
setup for the heat capacity measurement, all surfaces of the
sample and the reference disk have to be blackened with the
same high emissivity material. Comparing the heating pro-
cess with the cooling process at the same sample temperature,
we obtain1,2)
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mounted near the surfaces, as illustrated in Fig. 1. The di-
ameter of the sheath was 0.5 mm and the distance between
the two planes, parallel to the disk surface, including each
thermocouple was 3.86± 0.05 mm. The dimensions of the
thermocouple holes were 0.75 mm in diameter and 7 mm in
depth. Slight clearances between the sheath and the sample
were filled with a graphite adhesive to achieve good thermal
contact between them. The surface temperatures are obtained
assuming a linear temperature distribution within the sample.
A Jasco 610 FTIR spectrometer with a CsI beam splitter and
a DLTGS detector is employed for the spectrum measurement
at 16 cm−1 resolution.

3.2 Heat capacity measurement by quasi-static TRAC
For the heat capacity measurement, one more heater was

mounted over the sample, as indicated by the broken line in
Fig. 1. This configuration is essentially the same as that de-
scribed elsewhere.4) A disk-shaped sample of 3 mm thickness
and 24 mm diameter was used for the heat capacity measure-
ment. A copper disk, which is 99.9% pure, with the same
dimensions as the sample is used as a reference material to
evaluateEh. All the surfaces of the sample were coated with
copper by vacuum evaporation before blackening in order to
shield the radiation from inside the sample. The blackening
material for the heat capacity measurement was a mixture of
colloidal graphite and MnO2 powder (1: 1, wt%). The hemi-
spherical total emissivity of the present blackening material
has been estimated to be 0.93± 0.03 below 1000 K.4) Instead
of the heater temperature, the radiant powerWh = IhG from
the heater was measured directly using a pyroelectric infrared
detector, whereG is a gain factor of the detector. The cali-
bration factorEh/G for the present configuration was about
1.26 ± 0.03 (arb. units) throughout the entire temperature
range investigated. The rate of the sample temperature was
controlled to be about 5 K/min for both heating and cooling
modes.

4. Results and Discussion

4.1 IR spectra and hemispherical total emissivity
Open circles in Fig. 2 indicate the normal emission spec-

trum ε(ν, 0) of 5.3 wt% yttria-stabilized tetragonal zirconia
measured at surface temperatureT0 = 523 K. The closed cir-
cles show the hemispherical emission spectrumεν calculated

3. Experimental

3.1 Emissivity and thermal conductivity by spectral TRAC
at steady state

The sample examined is 5.3(±0.1) wt% yttria-stabilized
tetragonal zirconia of a fine ceramic with average grain size
of 0.56µm provided by the Japan Fine Ceramics Center. The
density of the present sample is 6.07 g/cm3. The schematic
configuration of TRAC for a spectral measurement is illus-
trated in Fig. 1. This system is enclosed inside a watercooled
vacuum chamber. A disk-shaped sample with thickness 5 mm
and diameter 24 mm was examined. All surfaces of the sam-
ple were polished to optical grade before metal coating. The
bottom (S1) and side surfaces of the sample were coated with
copper by vacuum evaporation. The thickness of the copper
coat was about 0.1µm, which was stable for several heat-
ing cycles between room temperature and 850 K. Such a
metal coating was performed to prevent radiation heat trans-
fer through the surfaces except the top surface (S0) for spec-
tral measurement. However, only one face (S1) of the sam-
ple was coated with colloidal graphite (Acheson, Electrodag
188) over the metal coating so as to absorb the radiation from
the heater. It is important to note that the sample is actually
heated by conduction, since the composite surface of a metal
and an absorber works as a conductive heater attached to the
sample without spacing. These sample treatments seem to be
good for the one-dimensional heat flow in the sample.

The normal emission spectrum from the clear top surface
has been measured in the temperature range from 400 K to
850 K at steady state. The temperature inside the sample
was monitored at two points using sheathed thermocouples

Cp = EhAs(Ih− I ′h)/M

dTs/dt − (dTs/dt)′
, (14)

where the prime expresses the cooling process. This equa-
tion implies that the heat capacity is evaluated with only the
one parameterEh, since the other physical quantities on the
right-hand side are directly measurable. The value ofEh for a
particular geometrical configuration is easily obtained using
a reference sample, whose heat capacity is known, with the
same dimensions and blackened surfaces as the sample.

to IR spectrometer/detector

light pipe

subheater

sample

thermocouple

heater

Fig. 1. Schematic configuration of TRAC for spectral measurement. The
dimensions of the heater and the light pipe are, respectively, 5× 5 cm2

and 20 mm diameter. A sub-heater is used only for a specific heat capacity
measurement.
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Fig. 2. Emission spectra of 5.3 wt% yttria-stabilized tetragonal zirconia
measured atT0 = 523 K. Wave number dependence of blackbody radi-
ation intensityeb(ν) is also illustrated by a dotted line.
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Figure 5 shows the normal and hemispherical total emis-
sivities calculated from eq. (3) at various temperatures. In
the Kramers-Krönig analysis, we assumed that the values of
n∞, νL andνT are independent of temperature. It should be
noted that these values were not sensitive to the hemispherical
emissivity plotted in Fig. 5. Even if we changedνT, for exam-
ple, as 10% in eq. (11) for eq. (10), the resulting deviation in
the emissivity was less than 1%. On the other hand,n∞ and
νL are sensitive to the connectivity between eqs. (8) and (10)
aroundνR. Therefore, the actual margins allowed for these
values were not large, about 2.5% forνL and 0.5% forn∞.

Olson and Morris16) reported normal total emissivities
ranging from 0.5 to 0.9 at high temperature for different zirco-
nia samples. They were obtained by a nonspectroscopic (di-
rect) measurement of thermal radiation from samples in air.
While the emissivity strongly depends on the thickness of the
sample, it is not shown in their report on zirconia. Further-
more, the materials doped for stabilization are quite different
from that in the present sample. Therefore, we cannot directly
compare the present result with the previous ones.16) The im-
portant point to note is that the emissivity plotted in Fig. 5 cor-
responds to that of the sample with thickness 10 mm in free
space, since the present sample is metal-backed. We believe
that the present method provides basic and important infor-
mation for further applications, since the total hemispherical
emissivity can be obtained spectroscopically without refer-
ring to other thermophysical properties of the sample mate-
rial.

4.2 Thermal conductivity
Figure 6 shows the temperature differenceT1−T0 between

the two surfaces S1 and S0 of the sample. Although the value
of T1−T0 increases with temperature, the ratio of(T1−T0)/T0

is about 0.04 at 834 K. This seems to support a linear ap-
proximation for a temperature distribution in the sample. The
temperature of the chamberTr was kept at 290.6 K during the
measurements. Now we can evaluate the thermal conductiv-
ity from the data of Figs. 5 and 6 with eq. (1). Figure 7 shows
the thermal conductivity of the tetragonal zirconia stabilized
by 5.3 wt% yttria. The solid symbols indicate the present re-
sults. The solid curve is illustrated after an interpolation of
data by Slifkaet al.11) They obtained data using a one-side-
guarded hot plate method. The concentration of yttria in the
present sample is almost the same as that used in ref. 11. As

from eq. (2). The dotted line indicates the normalized spec-
trum of the blackbody radiationeb(ν) = W(ν, T)/W(νP, T),
whereνP is the peak frequency ofW(ν, T). In order to deter-
mine unknown parameters ofn∞, νL andνT in eq. (11), we
measured reflection spectra of 5.3 wt% yttria stabilized tetrag-
onal zirconia at room temperature using a different spec-
trometer. Figure 3 plots the room-temperature “emissivity”
(1−R) translated from the reflection spectrumR of the metal-
backed sample of 5 mm thickness. From a preliminary anal-
ysis of the reflection spectra,n∞ = 2.25, νL = 690 cm−1

and νT = 380 cm−1 were obtained. In Fig. 2,νR is read
as about 820 cm−1, which is in good agreement with that
in Fig. 3. The real and imaginary parts of the refractive in-
dex obtained from the Kramers-Krönig analysis are shown
in Fig. 4. We have also measured the reflection spectrum of
5.3 wt% yttria-stabilized tetragonal zirconia with 5 mm thick-
ness in free space. However, we could not find any difference
between the metal-backed sample and the free sample. This
implies that a radiation heat flow inside the sample, which
possibly occurs aboveνR, is apparently absorbed within the
sample and does not come out from the sample. If the appar-
ent absorption in the sample was not so large, the spectrum
(1− R) might show a response similar to the emission spec-
trum aboveνR because of the reflection by the metal deposited
on the back surface.
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Fig. 4. Refractive index of 5.3 wt% yttria-stabilized tetragonal zirconia at
To = 523 K. Solid circle indicates the real partn, and the open circle the
imaginary partk.

400 500 600 700 800
0.5

0.6

0.7

0.8

0.9

1.0

Temperature (K)

E
m

is
si

vi
ty

normal
hemispherical

Fig. 5. Total emissivity of 5.3 wt% yttria-stabilized tetragonal zirconia.
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Fig. 3. Room temperature “emissivity” (1−R) of 5.3 wt% yttria-stabilized
tetragonal zirconia obtained from the normal reflection spectrumR.
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ε2(1+ δ) =

∫ ∞
νR

ενW(ν, T)dν∫ ∞
0

W(ν, T)dν
, (17)

δ = 4

αPd

(
T1− T0

T0

)
tanh

(−αpd

2

)
, (18)

whereαp is Planck’s mean absorption coefficient aboveνR

given by

αp =

∫ ∞
νR

α(ν)W(ν, T)dν∫ ∞
0

W(ν, T)dν
, (19)

with α(ν) = 4πν k(ν). For a sample with a large absorbance
coefficient aboveνR, eq. (15) becomesε ≈ ε1+ε2 sinceδ ≈ 0
for αPd À 1. If transmission occurs at a frequency higher
than the peak of blackbody radiation at the sample tempera-
ture, the contribution ofε2δ to the total emissivity may not be
large. From these points of view, the spectral TRAC method
can be applied for materials with high LO mode frequency
(or νR) and large absorption (αPd) aboveνR. At high tem-
perature, however, the contribution ofε2δ will increase and
be followed by Wien’s displacement law for blackbodies. In
the case of small absorption also, some errors will be con-
tained inε. The ratio of excess emissivity to total emissivity,
ε2δ/(ε1+ε2), calculated from the measured emission spectra,
is shown in Fig. 8. Although it increases with temperature, it
still remains at less than 5.3% at high temperature. However,
actual contribution of the radiation heat transfer seems to be
considerably small, since there are no differences between the
metal-backed and free samples in reflectivity. In other words,
the radiation is almost completely absorbed in the sample. It
should be noted that the density of the present sample is 2.5%
higher than that previously reported for 5.3% yttria-stabilized
zirconia.11,13) This absorption mechanism may be attributed
to the radiation scattering by grain boundaries of the ceramic
sample. This process may also decrease the temperature de-
viation from a linear distribution caused by the radiation in
the sample. Andersonet al.19) reported that the deviation in a
fused quartz plate of thickness 12.7 mm, given 200 K differ-
ence in the surface temperatures around 930 K, was about 5 K.
In the present case, the temperature difference is about 30 K
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Fig. 6. Temperature difference between surfaces (●) and between thermo-
couples (©) for the sample with 5 mm thickness. The thermocouple hole
separation normal to the disk surface is 3.86± 0.05 mm.
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Fig. 7. Thermal conductivity of 5.3 wt% yttria-stabilized tetragonal zirco-
nia.

a medium can be neglected, the effect is estimated by analogy
with a case of gray gas.17) Since we can considerT1−T0¿ T0

and a linear temperature gradient in the slab mentioned above,
we can write the emissivity as

ε ≈ ε1 + ε2(1+ δ), (15)

whereε1 andε2 are, respectively, the emissivities below and
aboveνR. The effect of excess heat flow by radiation is char-
acterized by a factorδ in eq. (15). These quantities can be
calculated as follows:

ε1 =

∫ νR

0
ενW(ν, T)dν∫ ∞

0
W(ν, T)dν

, (16)

is easily seen, the present results by spectral TRAC are com-
parable with those by the other method. From the viewpoint
of eq. (1), we believe that the present procedure for deriving
the hemispherical total emissivity from the normal emission
spectrum is reliable.

4.3 Effects of radiation heat transfer
Let us consider the effect of radiation heat transfer in the

sample. This might become an error source in the values of
thermal conductivity throughε. If the radiation scattering in
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terials, ed. Y. S. Touloukian (Macmillan, New York, 1967) Vol. 4, Pt. I,
p. 576.

19) E. E. Anderson, R. Viskanta and W. H. Stevenson: J. Heat Transfer95
(1973) 179.

have obtained the values of thermal conductivity at steady
state. The present results are comparable with those obtained
by other techniques,11) confirming the validity of the method
examined here. The error caused by the radiation heat trans-
fer due to transmission in the high-frequency region has been
estimated as a function of temperature. If the radiation scat-
tering in the sample were neglected, the error might increase
gradually with temperature (up to 5.3% at 850 K). It is sug-
gested, however, that the radiation scattering in the ceramic
sample may compensate for the effects of the radiation heat
transfer on the value of thermal conductivity. In addition,
the specific heat capacity has been obtained by quasi-static
TRAC. The values are very close to those of a monoclinic
phase.
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Fig. 9. Specific heat capacity of zirconia.

4.4 Specific heat capacity
Figure 9 shows the specific heat capacity of zirconia ce-

ramics. Open circles are plotted after averaging the values
obtained by several scans of TRAC for a tetragonal zirco-
nia stabilized by 5.3 wt% yttria. Data of monoclinic ZrO2

reported in the literature18) are also indicated by solid circles.
The solid line is illustrated after an interpolation using the
data in ref. 18. As is evident in Fig. 9, the present results are
very close to those of the monoclinic sample. This is consis-
tent with the results of Hasselmannet al.13) that specific heat
is almost independent of the yttria concentration as a stabi-
lizer.

5. Conclusions

The hemispherical total emissivity of a ceramic sample of
5.3 wt% yttria-stabilized (tetragonal) zirconia has been ob-
tained from a spectral analysis of the normal emission spec-
trum based on Kramers-Krönig relations and virtual mode
equations. What is significant in this method is that the hemi-
spherical total emissivity is derived independently of other
thermophysical quantities, that is, specific heat, thermal dif-
fusivity and thermal conductivity. With this emissivity, we

at 800 K for the 5-mm-thick disk. Therefore, we consider that
the deviation in the present samples is presumably less than
about 0.5 K at high temperature and the resulting error in their
thermal conductivity is less than 1%.


