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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 200-4500Th The values of the hemispherical total emissivity are derived from a spectral analysis
based on virtual mode equations and Kramers-Kronig 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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) als because of their excellent mechanical and electrochemical

1. Introduction properties at high temperature. It is known that the high-

Thermal radiation calorimetry (TRAC) has been developettmperature tetragonal and cubic phasésf zirconia are
for simultaneous measurements of thermophysical and dielestabilized at room temperature by doping different contents
tric properties, in which the radiation heat transfer betweeof yttria,? although the room-temperature phase of pure zir-
a disk-shaped sample and a heater in a vacuum chambenia takes a monoclinic structut® Among these phases, a
has been considered under several geometrical conditi®ns. tetragonal zirconia stabilized by 5.3 wt% yttria is considered
For the specific heat capacity measurement, the sample wwade one of the standard materials for thermal insulation coat-
heated on both surfaces. Thermal conductivity was deteng.11?)
mined from measurements of the temperature gradient in theln this paper, the spectral TRAC mentioned above is ap-
sample and the radiant power from the sample heated on thiged to the tetragonal zirconia of a fine ceramic. The hemi-
back surface. In these calorimeters, both disk surfaces of thpherical total emissivity of the tetragonal zirconia is derived
sample were blackened with a material whose surface emfsam the normal emission spectra between 400K and 850 K.
sivity is known and calibration processes with a reference maVith this emissivity, the thermal conductivity is obtained by
terial were required. TRAC at steady state. The specific heat has been measured

Recently, we proposed a method to derive the hemisphdrom 540K to 840 K by quasi-static TRAC. The present re-
ical total emissivity from the normal emission spectrum osults for the thermal conductivity and the specific heat ca-
the bare surface of a sampleThe basic idea refers to vir- pacity are compared with those obtained by different tech-
tual mode equations for an ionic crystal sftin which the niquest®*® The effects of radiation heat transfer and scatter-
spectral response of the slab is given as a function of emigg in the sample are also investigated.
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-Kronig analysis of the normal spectra2.1 Thermal conductivity
reflectivity. For this analysis, we derived the normal reflec- TRAC theory has been described in detail in the previous
tion spectrum from the normal emission spectrum on the bagiaper? Let us suppose that a disk shaped sample with thick-
of Kirchhoff's law for thermal radiation. Consequently, wenessd is heated on one face {Soy a flat heater in a vacuum
obtained the hemispherical total emissivity and the thermahamber. Another surfaced)Sf the sample is not blackened
conductivity of silicate glasses by TRAC without blackeningin the present setup for spectral emissivity measurement. If
The samples suitable for testing this method are thermally imve assume that the temperature distribution in the sample is
sulating materials in which transmission may occur at higheme dimensional and linear, we can express the conductive
frequencies in the IR region, because the radiation heat trateat flow from surface Sat temperaturél; to & at Ty as
fer caused by transmission in the sample may become an erkgl; — Tg)/d, using the thermal conductivity. On the other
source in the values of thermal conductivity through the emigrand, the radiant power from the surfacet® the chamber
sivity. The effects of radiation scattering in the sample werat temperaturdl, is given byeo (T3 — T,*) with the hemi-
neglected in the previous studly. spherical total emissivitg of S and the Stefan-Boltzmann

In ceramics such as zirconia in which transmission o@onstants. These two expressions of the heat flow should
curs at lower frequencies than in silicate glasses, the effedatisfy Kirchhoff’s law at boundarygSthat is,
of transmission as well as radiation scattering in the sample 4 4
may become large. However, the scattering process by grain AT =To)/d =20 (Tg = T7). (1)
boundaries in a ceramic sample is expected to decrease Tiee effects of radiation heat transfer, including scattering in
effects of the radiation heat transfer on the values of thethe sample, are not considered in eq. (1) but are discussed
mal conductivity. Zirconia ceramics are remarkable materin 84. To obtaink from the surface temperatures in eq. (1),
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we must simultaneously determineof the bare surface,S at a frequencyg slightly abovev, as long as the sample is
which is usually calculated from the directional emissivity. Ifa bulk material. On the other hand,(v) at very high fre-
we write the latter as(v, ), wherev and6 are, respectively, quency can be approximated to the refractive index for visi-
the frequency and the emission angle, the hemispherical spbte lightn,,. Consequently, eq. (10) for> v is considered

tral emissivity,e,, can be calculated by a smooth function with a minimum close to zero arourd
72 and asymptotically approaches a constant value givemby
&y = 2/ e(v, 0) sing cosods. (2) at high frequency. The functional form of the reflectance in
0 this high-frequency region can be estimated from an empir-
This gives the hemispherical total emissivity as ical form of the dielectric function. For simplicity, we shall
00 use a dielectric function with a harmonic oscillator form
/ e, W(, T)dv
e=fo 3) 50) =n3,0f —1A)/0F 1), (11)
A W(v, T)dv wherevr is the frequency of the transverse optic (TO) mode

) ; o responsible for the highest LO mode.
whereW (v, T) is Planck’s emissive power @t = Ty. Fuchs Using eq. (8) fon < v and egs. (9)~(11) for > vg, we

s . : e
etal® have shown that the optical properties of an ionic slaan ghtain the complex refractive index through the Kramers-
are explicitly described in terms of virtual mode equations ik snig analysis. Itis, however, not preferable to use the imag-
the dielectric functiorg (v) is known. In the present case, theInary part obtained from eq. (11) for further analysis above
directional emission spectrum of an ionic crystal slab on #k, since eq. (11) is real. On the other hand, the energy of
conducting substrate can be written as the IR radiation traveling along the optical path lengtin a
—L.l? _L.? medium with low reflectivity can be written by the absorption
1[|2-Lp2 |2-Ls un
e, 0) =1- > 3 sl , (4)  coefficienta(v) = 47v - k(v) as
p s

T*() = e @Ot (12)
where .
From egs. (9) and (12) we can estimke) for v > vg where

Lol B d 5 the sample may be transparent for infrared radiation. It is
P Iﬁo&(v) tan(fd). ®) important to note that must be read ast2for an ionic slab
B on a perfect metal, because the conducting substrate functions
Ls=1+ iﬂ_ cot(gd), (6) as a perfect mirror.
0

with B = 27v{£(v) — sirf8}Y2 and By = 27v cosd. Onthe 2.2 Quasi-static TRAC for heat capacity measurement
other hand, the dielectric function is related to the complex In order to obtain the specific heat capadity, we must
refractive index.(v) as 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
\/E(U) =Ne(v) =n0) + k), ") do this is to surround the sample with a heater. Let us suppose
wheren(v) andk(v) are, respectively, the real and imaginarythat one more flat heater is mounted above the sample. When
parts of the complex refractive index. Thus, we can calcuhe sample is heated slowly on both sides by the IR radiation,
late the emissivity from the virtual mode equations, knowthe time rate (@/dt) of the sample temperatur&g can be
ing the dispersion of the complex refractive index. Prior tavritten as)
the Kramers-Kronig analysis, we refer to the normal emis- dTs d
sion spectruna(v, 0), since it can be transferred to the normal MCPH = EnAs(ln = 19 = BsAls = 1) — &Q(TS)’
reflection spectruniR(v, 0) based on Kirchhoff’s law for ther- (13)
mal radiation'** For the frequency range where the samplg here M is the mass, and the surface area of the sample.
shows no transmission, it becomes En and Es are, respectively, the effective emissivities which
R(v,0) = 1 — &(v, 0). (8) express heat-exchange coefficients by radiation between the
) o heater and the sample, and between the sample and the en-
In the high-frequency range where transmission is 0bserv&gronment (vacuum chamber). These coefficients are func-
Kirchhoff's law can be written as tions of the surface emissivities of the sample and the heater,
T*(v) + R*(v) + &(v, 0) = 1, (9) anddepend on their geometrical configuration in the chamber.

. . ] The radiant powetl; of the surface covered with a perfect ab-
where T*(v) and R*(v) are the apparent transmittance andorper at temperaturg; is given byo T, where subscripts

reflectivity, respectively. If we can estimate the dispersion _ s n andr refer to the sample, the heater and the vacuum
relation of the refractive index in this region, we are able t@hamper, respectively. The last term on the right-hand side of
calculateR*(v), since the normal reflectivity for unpolarizedeq. (13) is the heat loss per unit time through the thermocou-

light is generally given by ple leads and ceramic pipes supporting the sample. Since we
. ne(v) — 112 cannot measure the emission spectrum of the sample with the
R'(v) = N + 1 (10)  setup for the heat capacity measurement, all surfaces of the

L e sample and the reference disk have to be blackened with the
For an ionic crystal slab, transmission usually occurs aboyg e high emissivity material. Comparing the heating pro-

the highest longitudinal optical (LO) mode frequengyin  oqq ith the cooling process at the same sample temperature,
the slab. It is well known that the reflectivity becomes ZerQ e obtaift 2
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, mounted near the surfaces, as illustrated in Fig. 1. The di-
o= EnAs(n — 1n)/M , (14) ameter of the sheath was 0.5mm and the distance between
dTs/dt — (dTs/dt)’ the two planes, parallel to the disk surface, including each
where the prime expresses the cooling process. This eqtiaermocouple was.86 + 0.05mm. The dimensions of the
tion implies that the heat capacity is evaluated with only ththermocouple holes were 0.75 mm in diameter and 7 mm in
one parameteE,, since the other physical quantities on thalepth. Slight clearances between the sheath and the sample
right-hand side are directly measurable. The valug;ofor a  were filled with a graphite adhesive to achieve good thermal
particular geometrical configuration is easily obtained usingpntact between them. The surface temperatures are obtained
a reference sample, whose heat capacity is known, with taesuming a linear temperature distribution within the sample.
same dimensions and blackened surfaces as the sample. A Jasco 610 FTIR spectrometer with a Csl beam splitter and
a DLTGS detector is employed for the spectrum measurement
at 16 cnt? resolution.
3.1 Emissivity and thermal conductivity by spectral TRAC
at steady state 3.2 Heat capacity measurement by quasi-static TRAC
The sample examined is 580.1) wt% yttria-stabilized For the heat capacity measurement, one more heater was
tetragonal zirconia of a fine ceramic with average grain sizaounted over the sample, as indicated by the broken line in
of 0.56..m provided by the Japan Fine Ceramics Center. TH&g. 1. This configuration is essentially the same as that de-
density of the present sample is 6.07 gfcnThe schematic scribed elsewher8.A disk-shaped sample of 3 mm thickness
configuration of TRAC for a spectral measurement is illusand 24 mm diameter was used for the heat capacity measure-
trated in Fig. 1. This system is enclosed inside a watercoolegent. A copper disk, which is 99.9% pure, with the same
vacuum chamber. A disk-shaped sample with thickness 5 nuimensions as the sample is used as a reference material to
and diameter 24 mm was examined. All surfaces of the samvaluateE,,. All the surfaces of the sample were coated with
ple were polished to optical grade before metal coating. The®pper by vacuum evaporation before blackening in order to
bottom () and side surfaces of the sample were coated withield the radiation from inside the sample. The blackening
copper by vacuum evaporation. The thickness of the coppmiaterial for the heat capacity measurement was a mixture of
coat was about 04Am, which was stable for several heat-colloidal graphite and Mn@powder (1: 1, wt%). The hemi-
ing cycles between room temperature and 850K. Suchspherical total emissivity of the present blackening material
metal coating was performed to prevent radiation heat trarisas been estimated to b@8+ 0.03 below 1000 K Instead
fer through the surfaces except the top surfagg & spec- of the heater temperature, the radiant poWgr= 1,G from
tral measurement. However, only one face)(& the sam- the heater was measured directly using a pyroelectric infrared
ple was coated with colloidal graphite (Acheson, Electrodadetector, wherés is a gain factor of the detector. The cali-
188) over the metal coating so as to absorb the radiation frdmation factorE; /G for the present configuration was about
the heater. It is important to note that the sample is actually26 + 0.03 (arb. units) throughout the entire temperature
heated by conduction, since the composite surface of a metahge investigated. The rate of the sample temperature was
and an absorber works as a conductive heater attached todbatrolled to be about 5K/min for both heating and cooling
sample without spacing. These sample treatments seem taedes.
good for the one-dimensional heat flow in the sample. ) ,
The normal emission spectrum from the clear top surfaée Results and Discussion
has been measured in the temperature range from 400 K4d IR spectra and hemispherical total emissivity
850K at steady state. The temperature inside the sampleOpen circles in Fig. 2 indicate the normal emission spec-
was monitored at two points using sheathed thermocoupleam (v, 0) of 5.3 wt% yttria-stabilized tetragonal zirconia
measured at surface temperatlisge= 523 K. The closed cir-
cles show the hemispherical emission specteyrmmalculated

3. Experimental
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Fig. 1.
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dimensions of the heater and the light pipe are, respectively,5En?
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Fig. 2. Emission spectra of 5.3wt% yttria-stabilized tetragonal zirconia
and 20 mm diameter. A sub-heater is used only for a specific heat capacitymeasured alp = 523 K. Wave number dependence of blackbody radi-
ation intensityey (v) is also illustrated by a dotted line.
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from eq. (2). The dotted line indicates the normalized spec- 1.0 T T T

trum of the blackbody radiatiog,(v) = W(v, T)/W(vp, T), - 5

. normal

wherevp is the peak frequency &/ (v, T). In order to deter- 09 | ® hemispherical

mine unknown parameters af,, v, andvr in eq. (11), we L

measured reflection spectra of 5.3 wt% yttria stabilized tetrag- 55 i

onal zirconia at room temperature using a different spec- § |

. wariachih g B 9 o

trometer. Figure 3 plots the room-temperature “emissivity” - S ¢ 8 34, o

(1—R) translated from the reflection spectriRof the metal- 5§ 8ess

backed sample of 5 mm thickness. From a preliminary anal-

ysis of the reflection spectra,, = 2.25, v, = 690cnT? 06 T

andvr = 380cnT?! were obtained. In Fig. 2yg is read r . . . . .

as about 820cmt, which is in good agreement with that 05 ' ' ' ' '
400 500 600 700 800

in Fig. 3. The real and imaginary parts of the refractive in-
dex obtained from the Kramers-Krénig analysis are shown

Temperature (K)

in Fig. 4. We have also measured the reflection spectrum ofig. 5. Total emissivity of 5.3 wt% yttria-stabilized tetragonal zirconia.
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. Thigigure 5 shows the normal and hemispherical total emis-
implies that a radiation heat flow inside the sample, whichivities calculated from eq. (3) at various temperatures. In
possibly occurs aboveg, is apparently absorbed within thethe Kramers-Krénig analysis, we assumed that the values of
sample and does not come out from the sample. If the appak, v. andvr are independent of temperature. It should be
ent absorption in the sample was not so large, the spectruroted that these values were not sensitive to the hemispherical
(1 — R) might show a response similar to the emission speemissivity plotted in Fig. 5. Even if we changef for exam-

trum abovesg because of the reflection by the metal depositeple, as 10% in eq. (11) for eq. (10), the resulting deviation in
on the back surface.

00

200

Fig. 3. Room temperature “emissivity” {1R) of 5.3 wt% yttria-stabilized

1000

Wave number (cm™)

3000

tetragonal zirconia obtained from the normal reflection spectRum

10"

200

Fig. 4. Refractive index of 5.3 wt% yttria-stabilized tetragonal zirconia agata by Slitkaet a

1000

Wave number (cm™)

10°°
3000

the emissivity was less than 1%. On the other hamgdand

v are sensitive to the connectivity between eqs. (8) and (10)
aroundvg. Therefore, the actual margins allowed for these
values were not large, about 2.5% fgrand 0.5% fomn,,.

Olson and Morri&) 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 dfieBhe 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 differedge- To between
the two surfacesSand § of the sample. Although the value
of T;—Tg increases with temperature, the ratiq®f—Tp)/ To
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 chamb@rwas 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
11D They obtained data using a one-side-

T, = 523K. Solid circle indicates the real partand the open circle the guarded hot plate method. The concentration of yttria in the

imaginary park.

present sample is almost the same as that used in ref. 11. As
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g | . o ° | whereq, is Planck’s mean absorption coefficient aboye
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8 10 I~ 8 O = 0
E i . e s 8 1 / a(V)W(v, T)dv
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300 400 500 600 700 800 p ’

/ W(v, T)dv
0

Fig. 6. Temperature difference between surfaeesand between thermo- With «(v) = 4mvk(v). For a sample with a large absorbance
couples O) for the sample with 5mm thickness. The thermocouple holgpefficient abover, eq. (15) becomes~ ¢;+s, sinces ~ 0
separation normal to the disk surface 18+ 0.05 mm. for apd > 1. If transmission occurs at a frequency higher

than the peak of blackbody radiation at the sample tempera-

ture, the contribution of,$ to the total emissivity may not be

| ] large. From these points of view, the spectral TRAC method

4.0 - ® present results I i can be applied for materials with high LO mode frequency

—— Slifka et al. (or vg) and large absorptiorfd) abovevg. At high tem-

Temperature (K)

4.5 T T T T T T T T T

__35F . perature, however, the contribution &8 will increase and
H'x_ I 1 be followed by Wien's displacement law for blackbodies. In
e 30r M the case of small absorption also, some errors will be con-
z - . ] tained ine. The ratio of excess emissivity to total emissivity,
| ] €28/ (e1+¢€2), calculated from the measured emission spectra,
20k i is shown in Fig. 8. Although it increases with temperature, it
I still remains at less than 5.3% at high temperature. However,
1.5 S Y S actual contribution of the radiation heat transfer seems to be
400 500 600 700 800 considerably small, since there are no differences between the
Temperature (K) metal-backed and free samples in reflectivity. In other words,
Fig. 7. Thermal conductivity of 5.3 wt% yttria-stabilized tetragonal zircoIhe radiation is almost completely absorbed in the sample. It
nia. should be noted that the density of the present sample is 2.5%

higher than that previously reported for 5.3% yttria-stabilized
. . zirconial*® This absorption mechanism may be attributed
is easily seen, the present results by spectral TRAC are cofthe radiation scattering by grain boundaries of the ceramic
parable with those by the other method. From the viewpoighmple. This process may also decrease the temperature de-
of eq. (1), we believe that the present procedure for deriviRgation from a linear distribution caused by the radiation in
the hemispherical total emissivity from the normal emissioge sample. Anderscet al® reported that the deviation in a

spectrum is reliable. fused quartz plate of thickness 12.7 mm, given 200K differ-
o ence in the surface temperatures around 930 K, was about 5 K.
4.3 Effects of radiation heat transfer In the present case, the temperature difference is about 30 K

Let us consider the effect of radiation heat transfer in the
sample. This might become an error source in the values of
thermal conductivity through. If the radiation scattering in

a medium can be neglected, the effect is estimated by analogy ~ %*° L
with a case of gray gas) Since we can considd@i—To < T i
and a linear temperature gradient in the slab mentioned above, 008 |- 7
we can write the emissivity as — I ]
WY 0.06 .
e~ g1+ e(1+9), (15) :[; i .°
wheree; ande; are, respectively, the emissivities below and ;i,“ 0.04 | o’ -
abovevg. The effect of excess heat flow by radiation is char- . . .
acterized by a facto$ in eq. (15). These quantities can be 0.02 o i
calculated as follows: L . * " o i

VR 0.00 ) R | | | |

/ ey W(v, T)dv 400 500 600 700 800
8= —Fx (16) Temperature (K)

0
[o%) ’
W (v, T)dv
0 ( ) Fig. 8. Ratio of excess emissivity above the LO mode frequency to total

emissivity.
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0.8 T - T - T - T have obtained the values of thermal conductivity at steady
_ state. The present results are comparable with those obtained
by other technique¥) 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

. E;ﬁ;;ﬁ;ﬂi o 18 I i gradually with temperature (up to 5.3% at 850K). It is sug-
gested, however, that the radiation scattering in the ceramic

Co (kI/kg-K)
o
N
T
1

0.2 -1
| sample may compensate for the effects of the radiation heat
transfer on the value of thermal conductivity. In addition,
0.0 ' ' ' ' ' ' ' the specific heat capacity has been obtained by quasi-static
>00 600 700 800 TRAC. The values are very close to those of a monoclinic
Temperature (K) phase.

Fig. 9. Specific heat capacity of zirconia.
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