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Abstract The infrared-optical properties of ceramics are correlated with the com-
plex index of refraction of the material and the structure of the ceramic. By changing
these parameters, the infrared-optical properties can be changed over a relatively wide
range. The correlation of the structural properties (like the porosity or the pore sizes)
and the material properties (such as the complex index of refraction on the one hand
and the infrared-optical properties such as emittance on the other) are described by
a solution of the equation of radiative transfer and the Mie-theory. Within this work,
low-emitting ceramics, which have significantly lower emittances than conventional
ceramics, were prepared by optimizing their composition and structure. The spectral
emittance of these ceramics was measured, and a total emittance dependent on tem-
perature was calculated from the spectral emittance. As a result, one obtains ceramics
which have a total emittance of 0.2 at a temperature of 1,100K. In comparison to
conventional ceramics with a typical total emittance of 0.8 at 1,100 K, the use of such
low-e ceramics leads to a reduction in heat transfer of about 70% via thermal radiation.
The results of our calculations were compared with experimental data to validate the
theory.
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Symbols
% Direction cosine
T Optical depth
70 Optical thickness
I1 Porosity
0 Scattering angle (rad)
e Total emittance
e Spectral emittance
A Wavelength (m)
AChr Christiansen wavelength (m)
Q, Solid angle (sr)
o Albedo
P Powder density (kg-m™3)
Prd. Theoretical density (kg- m’3)
Og Geometric mean standard deviation
¥, ¢ Ricatti-Bessel functions
Op Internal reflectance
A Absorption coefficient (m™!)
a; Weight factors
aj,bj Development coefficients
Cabs Absorption cross-section (m?)
Cext Extinction cross-section (m?)
Csea Scattering cross-section (mz)
d Thickness (m)
D Diameter (m)
Dm Modal value (m)
E Extinction coefficient (m~1)
F Radiative flux (W-m~! - m~2)
g Anisotropy factor
I Spectral intensity (W-m™!.m=2.sr™1)
Ip.» Spectral intensity of a blackbody (W-m~!m=2sr~1)
J Source term (W-m~ ' -m™2.sr™ 1)
k Imaginary part of the complex refractive index
m Complex refractive index
Mparticle ~ Mass of a powder particle (kg)
Miotal Sample mass (kg)
n Real part of the complex refractive index
N Number of particles

p Phase function
Qabs Efficiency for absorption

Qext Efficiency for extinction
Osca Efficiency for scattering
Ran Directional-hemispherical reflectance

@ Springer



1630 Int J Thermophys (2007) 28:1628-1645

R; Angular-dependent reflectance

R; Mean internal reflectance

Ry Reflection of perpendicular beam onto surface
S Scattering coefficient (m~")

T Temperature (K)

Tan Directional-hemispherical transmittance
ts Sintering time (s)

T Sintering temperature (K)

Vv Sample volume (m3)

Vparticle ~ Volume of a powder particle (m3 )

X Length (m)

Z Size parameter

Subscript:

* Effective

1 Introduction

The heat transfer through materials and the heat exchange between surfaces are impor-
tant in many applications. In automotive applications ceramic coatings with low emit-
tances are desirable. Hot parts, such as the exhaust manifold or the catalytic converter,
can be covered with a ceramic coating. Such coatings should have a low emittance
to reduce the heat transfer to neighboring parts within the engine compartment [1].
Additionally, ceramics with a low emittance are useful in many applications at high
temperatures, where the heat exchange via radiation must be suppressed. In addi-
tion to ceramic coatings, monolithic ceramics with low-e properties are also highly
interesting.

The total emittance of a ceramic depends on its temperature, as the spectral emit-
tance varies with wavelength. In this work, oxide ceramics are investigated as they are
white in the visible and near-infrared regions. This means that the emittance is rela-
tively low for wavelengths below 2 um. For opaque samples the emittance increases
with increasing wavelength and becomes one at the so-called Christiansen wavelength
[2]. At the Christiansen wavelength the real part of the refractive index is one, so that
no reflection occurs. If the imaginary part of the refractive index is small compared
to one, but non-vanishing, and if the thickness of the sample is sufficiently large, no
transmittance occurs, and all radiation is absorbed, i.e., the emittance becomes one.
For most oxide ceramics, the Christiansen wavelength lies between 8§ um and 16 um.
The Christiansen wavelength depends only on the refractive index of the material.
Therefore, no significant variation of the Christiansen wavelength can be achieved by
changing the porosity or the structure of the ceramic.

However, the shoulder where the increase of the emittance appears can be shifted
toward longer wavelengths by optimizing the porosity and structure of the ceramic.
The Christiansen wavelength itself can be shifted toward longer wavelengths by using
materials with optimum refractive indices. Therefore, both parameters are varied in
this work; the refractive index by changing the material and the structure by changing
the parameters within the manufacturing process.
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In this work, monolithic samples were produced via a sintering process, as this is
the most common method of producing ceramics. The results can also be applied to
ceramic coatings, as such coatings can be produced in a similar way, for example, via
electrophoretic deposition followed by a sintering process.

2 Radiative Transfer within Porous Media

The propagation of radiation through a porous medium like a ceramic is hindered by
scattering and absorption [3,4]. Scattering of radiation mainly occurs at the interface
between the medium (for example, the ceramic) and the surrounding medium (mostly
air) and at the air-filled pores within the ceramic. The absorption mainly occurs within
the ceramic. To reduce the emittance of a ceramic, the scattering has to be maximized
and the absorption has to be minimized. The correlation between the scattering and
absorption on the one hand, and the complex refractive index m = n + ik and the
structure of the medium on the other, are discussed in the following chapters.

The propagation of radiation through a medium with known scattering and absorp-
tion coefficients can be described via the equation of radiative transfer. A solution of
the equation of radiative transfer is presented in Sect. 2.2. The scattering and absorption
coefficients can be calculated from the known refractive index and the pore size distri-
bution within the ceramic using Mie-theory as explained in Sect. 2.3. The definitions
of the spectral and total emittance are given in Sect. 2.1.

2.1 Emittance

The emittance ¢, (7T') of a surface at a given temperature is defined as the ratio of the
intensity emitted by a surface 7, (T") and the intensity Iy 5 (7") emitted by a blackbody
at the same temperature 7':

L.(T)
g = —2

= . 1
Iy 3. (T) %

Within this work the term emittance is used instead of emissivity, according to a
suggestion from the National Institute of Standards and Technology (NIST). NIST
suggests the ending -ivity should be reserved for the properties of optically smooth,
opaque, and homogeneous materials [5]. However, no emittance can be provided for
semitransparent samples, as the emittance of such ceramics is not only a surface prop-
erty, but also a volumetric property. Additionally, a temperature gradient may occur
inside the ceramic. In such cases it is possible to use an apparent emittance, where
the intensity 7, (7) in Eq. 1 represents the intensity emitted by the ceramic sample
with an average temperature 7. For a simpler presentation in this article, the apparent
emittance is always called the emittance.

The directional emittance ¢; can be measured directly or calculated from the direc-
tional-hemispherical reflectance Rgy and transmittance Tgp:

&. =1— Ran — Tan. (2)
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The total emittance €(7") can be calculated from the spectral emittance ¢, :

Jo~ &1 lo s (T)dA

T) = .
e Jo In, . (T)d

3)

2.2 Equation of Radiative Transfer

The transmission of thermal radiation through semitransparent materials and the emis-
sion of radiation from semitransparent materials can be described by the equation of
radiative transfer [6], which gives the variation of the spectral intensity / with the path
x parallel to the radiation propagation within a plane-parallel sample:

I x) =—EI(x)+ i / I(x, Q)p(x, Q, QdQ + ALy(x) + EJ(t), 4)
dx 4

4

where E is the extinction coefficient, E = A+ S, A is the absorption coefficient, S is
the scattering coefficient, and p (€2, 2) is the phase function for the radiation coming
from the solid angle €’ and scattered into the solid angle 2. I(x) gives the intensity
emitted by a blackbody. The first term on the right-hand side of Eq. 4 describes the
exponential decrease in / caused by scattering and absorption events. The second and
third terms characterize the increase in / due to isotropic scattering and re-emission,
respectively. The source term J(t) accounts for the incoming radiation F that reaches
the point 7 (optical depth, t = Ex), if the sample is irradiated normal to the surface

(Fig. 1),

woF woF 1 —Rp

J(t) = —— = —7)+R -2 ,

O = ) = T R o2 1) [exp(=1) + Rpexp(—270 + 7]
®)

where
n—12+k%

Ry(n, k) = ————, 6

pn. ) (n+1)2+k2 ©)

is the directional-directional reflectance normal to the surface air—medium and
medium—air and pp(7) is the internal reflectance, which is given as the sum of the
terms in Fig. 1.

Equation 4 can be re-written and simplified for isotropic scattering (p = 1):

o 1 ., An*cT*1)
=—1(t)+—/1(f,u)d.u + =+ J(0), )
2 E b4

dl (1)
dr

-1

where 7 is the optical depth, t = Ex, wy is the albedo, wg = S/ E, u is the direction
cosine, u = cos 6, and 0 is the scattering angle.
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F (1- R, )R,% exp(-27, - 7)

( - Rp)exp(—r) ( -R, )Rp4 exp(—4r, — 1)

T
I

1-R, )R, exp(—27, +7) n=1k=0
P/ P
(1-R, )Rp3 exp(—47, +7)

Fig.1 Multiple reflections of the incoming radiation F', impinging normal to the sample surface. Also given
are the reflected parts of the incoming radiation. Summarizing these terms leads to the internal reflectance

Pp(f)

The equation of radiative transfer can be solved for isotropic scattering. The trans-
formation of the solution to anisotropic scattering can be made via a scaling concept
[7]. In this scaling concept an effective optical thickness 7;; and an effective albedo wy;
are defined which are correlated to the optical thickness 1) = Ed (d gives the sample
thickness) and the albedo wq by the anisotropy factor g;

1—
= 10(1l — wog) and wf = XU=8 ®)
I —wog
with
g =/cos€p(0)d$2. )

4

The values of the anisotropy factor are within the interval —1 (backward scattering)
to +1 (delta function like forward scattering). The effective extinction coefficient E*
is defined analogously (cf. Eq. 25).

Discrete ordinate approximation can be used [8] to solve Eq. 7. For this approxi-
mation, the integral in Eq. 7 is transformed into a sum over a few intensities. Three
discrete directions are regarded for the three-flux approximation:

1 1

/I(r*,,u’)du’—> Z a;l;. (10

-1 Jj=-1

The direction cosines of these directions are determined from the weight factors a
of the intensities /; to [8]

2
-1 =—=, :0’ = —. 11
J7 3 Mo m =3 (11)
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The boundary conditions are

LG =0)=Ril_(z* =0), (12)
(" =) = Rl (F = ). (13)

The mean internal reflectance R; can be determined from the angular-dependent
reflectance R;:

1

Ritn. k) =
1 Jy mn

1
E/MRi(M, n, kyduw. (14)
0

It represents that part of the scattered radiation which hits the interface medium—
air from all directions and is reflected back into the medium. Mathematically, the
three-flux approximation has the same complexity as the two-flux approximation, but
provides far better accuracy [9].

Finally, one obtains the macroscopic values of the directional-hemispherical reflec-
tance Rgh and transmittance Tgp as a function of the microscopic values, the effective
extinction coefficient E*, the effective albedo a)(’)‘, and the complex refractive index
m = n + ik of the medium:

= 1—Ry)?
(I =R (% =15, wy) + g% exp(—14)
p p( f())
Tan = F . 315
T
— . F F (1—Rp)? Ry exp(—217)
(I =R)I (" =0,0) + ~Rp + = 1—]}e§e£p(—2rg)0
Ranh = (16)

F
g

When measuring the reflectance and transmittance of the sample, the re-emission
term in Eq. 4 can be neglected as the incoming radiation is modulated by the FTIR-
technique, whereas the emitted radiation is not modulated. To calculate the radiation
emitted from the sample as a function of the sample temperature, the boundary condi-
tions have to be modified and the source term in Eq. 4 can be neglected as no incoming
radiation has to be considered.

2.3 Mie-Theory

Mie-theory gives a description of the scattering of an electromagnetic plane wave at
a spherical particle. This theory is named after Gustav Mie, who first published it
in 1908 [10]. For spheres, the Maxwell equations can be solved exactly. The whole
procedure is described in detail in Refs. 11-13. As a result of these calculations, one
gets the so-called development coefficients a; and b;, which are determined by the
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Ricatti-Bessel functions ¥, ¢;, and their derivatives w]’., g“j’. [12]:

Y V(M) ¥ (mz) — 284 (mair2) ' (m2)
D main2) 8 (mz) — P (maie ) (mz)
I main2) ¥ (m2) — ¥ (main ) ¥ (m2)

bj = =~ .
T B (maie2)C (m2) — W (main2) ) (m2)

a7

(18)

m,ir gives the complex refractive index of the pores, which are filled with air, and m
gives the complex refractive index of the solid ceramic. The Ricatti-Bessel functions
Y and ¢; are defined by the spherical Bessel and Hankel functions j; and 4 [11]:

i) = vjj), &) = vk @), (19)

The definitions of the spherical Bessel and Hankel functions are given, for example,
in Ref. 14.

Finally, one gets the absorption and scattering coefficients of spheres as a function
of the complex refractive indices m,;., m, and the size parameter z:

D
2= (20)
where D is the particle diameter and X is the wavelength of the incoming radiation.
The Mie-theory is only valid for spherical particles, but reliable results [11] can be
obtained even for non-spherical particles. In porous ceramics mainly the air-filled pores
embedded in the solid ceramic with its complex refractive index m are responsible for
scattering radiation.

The scattering cross-section Cyc, and the absorption cross-section Cyps are defined
as the quotient of the scattered or absorbed radiant power and the incoming intensity,
respectively. By dividing the scattering and absorption cross-sections by the geomet-
rical cross-section, one gets the efficiency for scattering Qgca and absorption Qps,
which are determined by the development coefficients a; and b; [12]:

Csca 2 - . 2 2
Qsca=T=Z—Z(2]+l)(|a]‘| —I—|bj|)
”(7) j=l1
C 2 &
Qexi = —25 = 5 > (2j + DRe (4 +b) . 1)
7 (z) TS

Qabs = Qext - Qsca

The efficiency for extinction Qe is defined as the sum of the efficiency for scattering
and absorption.

The scattering within a powder occurs at the powder-particles, which means at
the air-medium interfaces, whereas the scattering inside a ceramic occurs at the air-
filled pores, which means at the medium-air interfaces (Fig. 2), as mentioned above.
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powder ceramic
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Fig. 2 Within a powder, scattering occurs mainly at the powder-particles (shown on the left), whereas
inside a ceramic, scattering occurs mainly at the air-filled pores (shown on the right)

Both cases can be described with Mie-theory; only the refractive indices need to be
changed. The extinction coefficient of a powder Epowder for independent scattering
and absorption events is defined as

E NC Miotal 1Q D 2 pV lQ D 2
= — = — T J— e T J—
povder Vv et Mparticle Vv et 2 pt.d.Vparticle 14 et 2
3
_ 2 P Qext (22)
2pd. D

In Eq. 22 N/V represents the number of particles N per sample volume V. mal
gives the total mass of the powder, and mparicle represents the mass of one particle.
p is the density of the powder, pq. is the theoretical density or bulk density of the
material, and Vparticle i the volume of one spherical particle with diameter D.

The extinction coefficient E of a porous ceramic can be derived analogously using
the porosity IT of the sample instead of the quotient p/ o 4.. Finally the extinction coef-
ficient E and the scattering coefficient S for a given pore diameter D are expressed as
[15]:

E(k) — 3 1 Qe;t)()\) 3 Qsca()\)-

3 , S(A):EH D (23)

The anisotropy factor g is also determined by the development coefficients a; and b},
[16]:

4 < [j(j+2) _ _ 2j+1 _
g= E : Re(aja;s1 +bib; —}—%Re(a-h)] (24)
ZZQsca P J+1 (J Jj+1 J j+1) ](J+1) JY)

With the anisotropy factor, the effective efficiency for extinction Q. and scattering
Q.. can be derived as well as the effective extinction and scattering coefficients E*

@ Springer



Int J Thermophys (2007) 28:1628-1645 1637

Table 1 Data for the monolithic ceramic samples prepared at ZAE Bayern (samples have a diameter of
about 30 mm)

Sample No. Material Thickness d (mm) Sintering temperature 75 (K) Sintering time # (h) Porosity IT

1 HfO, 1.3 1473 1 0.39
2 Al,O3 4.0 1973 8 0.02
3 Al,O3 3.7 1873 6 0.27
4 TiOy 1.3 1873 8 0.01
5 TiO, 2.3 1373 6 0.42
6 Yo03 2.1 1873 6 0.17
7 Y,03 24 1773 2 0.37
and S*:

th = Qext(1 —wog), E*=E(l —wpg)

(25)
ca = Oscall —g), S*=81—-g).
Normally, one has not only pores with a given diameter D, but also a pore size distri-
bution. Often one assumes that the pore volume within a logarithmic diameter interval
A InD is distributed like a logarithmic normal distribution [12]:

(InD — InDy)?

1
D)AInD = ———ex
f(D) N p[ 202

} AInD. (26)

The modal value Dy and the geometric mean standard deviation og can be calculated
by a least-squares fit with the measured spectral effective extinction coefficient E,
and the spectral effective extinction coefficient E* calculated from Egs. 23 and 25.

3 Sample Production and Experimental Setup

The monolithic samples characterized in this work were made via a sintering process
at ZAE Bayern. First, the ceramic powders were pressed at 100 MPa. Then the green
bodies obtained were sintered at different temperatures and with different sintering
times. The porosities of the samples were measured using the Archimedes principle.
The resulting data of the produced sample slides, which have a diameter of about
30mm, can be seen in Table 1. Additionally, several SEM (scanning electron micro-
scope) images of the samples were made.

The ceramic coating presented in this work was prepared at the German Aerospace
Center (DLR) via EB-PVD (electron-beam physical-vapor deposition) as explained
in Ref. 17.

The directional-hemispherical transmittance Ty, of both the ballistic transmitted
radiation and the diffusely scattered radiation at the back of the sample was measured
using an integrating sphere (Fig. 3) [18]. The directional-hemispherical reflectance
Rgn can also be measured with an integrating sphere. For the wavelength range from
0.25 to 2.5 um, a Perkin Elmer lambda nine diffraction-spectrometer was used and for
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incoming
sample radiation
A\ shader
IS
detector
. . reflection
incoming
radiation standard

Fig. 3 Measurement setups (directional-hemispherical reflectance on the left and directional-hemispheri-
cal transmittance on the right) with an integrating sphere (IS). Internal surface of the integrating sphere is
coated with a highly reflecting coating which reflects the radiation diffusely

Real part n

Wavelength A, pm

Fig. 4 Real part n of the complex refractive index of several ceramics as a function of wavelength A from
0.5 to 18 um at ambient temperature

the wavelength range from 1.4 to 18 um, a Bruker IFS 66v FTIR-spectrometer was
used.

4 Results and Analysis

The real part n and the imaginary part k of the complex refractive index m of the
materials investigated in this work are depicted in Figs. 4 and 5, respectively. The data
were taken from the literature [19,20] and used in the calculations described above.
The directional-hemispherical reflectance Rgn and transmittance Tygn of the sam-
ples were measured. Samples with different thicknesses were produced. Samples with
a vanishing transmittance were produced to determine the emittance. Additionally,
samples with a non-vanishing transmittance were made to analyze the structure.
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Wavelength A, pm

Imaginary part k

Fig. 5 Imaginary part k of the complex refractive index of several ceramics as a function of wavelength 1
from 3 to 18 um at ambient temperature, note the logarithmic ordinate

1.0 -
| —PYSZ Y
0.8 I7=0.08, d= 0.2 mm N
. £(T=1100 K) = 0.80
3 |
8 064
c
© J
k=
£ 0.4 -
1]
0.2 1 - o
| R I7=0.39, d=1.3mm
£(T=1100K) = 0.73
00 T T T T TTT T T T T T TTT
0.25 1 2 10 18

Wavelength 4, pm

Fig. 6 Directional emittance ¢, of partially yttria stabilized zirconia (PYSZ) and hafnium oxide as a
function of wavelength A from 0.25 to 18 um at ambient temperature

First, the emittance was determined from the samples with vanishing transmit-
tance. The emittance of conventional coatings, such as a thermal barrier coating made
of PYSZ (partially yttria stabilized zirconia), is relatively high. The spectral emit-
tance of one PYSZ-coating is depicted in Fig. 6. The total emittance at 1,100K is
0.8. The spectral emittance of hafnium oxide (a conventional monolithic ceramic),
also depicted in Fig. 6, has a total emittance of 0.73, which is only slightly smaller.
Although not often used, hafnium oxide has almost the same properties as zirconia,
which is used in a wide range of applications.

Like most oxide ceramics, both ceramics have a low emittance in the visible wave-
length region. Therefore, they appear white. But with increasing wavelength, the emit-
tance increases and becomes one at the so-called Christiansen wavelength. For PYSZ
and hafnium oxide, the Christiansen wavelength lies at 13 pm, independent of the
structure.
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1.0
—ALQO;, /7=0.02, d=4.0 mm

0.8 - £(T=1100 K) = 0.53
S A AlL,Os, I7=0.27, d= 3.7 mm
o e(T=1100K) = 0.24
o 0.6 -
c
©
b=
€ 0.4 -
w

0.2 A K
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\\ ll y“".l
OO T II~\IIIII MH‘WQI L
0.25 1 2 10 18

Wavelength A, pm

Fig. 7 Directional emittance ¢; of alumina as a function of wavelength A from 0.25 to 18 um at ambient
temperature

By changing the structure, it is possible to shift the slope of the emittance towards
longer wavelengths. This is demonstrated in Fig. 7 for alumina. The total emittance at
1,100 K of a sample with a porosity of 0.02 is 0.53. By increasing the porosity, the total
emittance can be decreased to 0.24. This is due to the fact that the spectral emittance
is reduced, especially between 2 um and 8 um.

Due to a higher imaginary part of the refractive index, the same procedure does not
lead to a significant reduction in the spectral emittance of hafnium oxide, although
the Christiansen wavelength of alumina lies at 10 um and is therefore lower than the
Christiansen wavelength of hafnium oxide. As a consequence, both parameters need to
be optimized—the material with its refractive index and the structure of the material.

TiO; has a higher Christiansen wavelength (at 12um) than Al,O3 and a higher
refractive index than HfO, and ZrO,. Therefore, the total emittance at 1,100K is
lower than for the named materials. The spectral emittance for two TiO, samples is
depicted in Fig. 8. The resulting total emittance at 1,100K is 0.34 for a porosity of
0.01 and 0.27 for a porosity of 0.42.

In Fig. 9, the spectral emittance of yttria is plotted for different porosities. The
Christiansen wavelength lies at 15um. Because of that and the fact that yttria has
the smallest imaginary part of the investigated materials, the emittance at 1,100K
is smaller than for the other ceramics characterized in this work. The emittance can
be reduced additionally by varying the structure. For a porosity of 0.17, one gets an
emittance of 0.19 at 1,100 K. If the porosity is further increased, the total emittance
also increases. Therefore, an optimum of the structure and porosity exists at which the
total emittance has a minimum. The Christiansen wavelength and the total emittance
at 1,100K for all samples are shown in Table 2.

To correlate the structure and the total emittance, SEM (scanning electron micro-
scope) images of the samples were taken. SEM images of samples 4, 5, and 6 are
shown in Figs. 10, 11, and 12, respectively. The porosity of sample 4 (TiO») is very
low (IT = 0.01); therefore, the dimensions of the structure are about 50 um. Due to
the relatively large real part of the refractive index, a total emittance of 0.34 results at
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Emittance ¢;

1.0
" —TiO,, /7= 0.01, d=1.3mm
0.8. £(T=1100 K) = 0.34
AN TiO,, [7=0.42, d=2.3mm
: £(T=1100K) = 0.27
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0-0 T T T T |v~|"\rvw‘ww T T T —rTrTT
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Wavelength 4, pm

Fig. 8 Directional emittance ¢ of titania as a function of wavelength A from 0.25 to 18 um at ambient

temperature

Emittance ¢,

1.0
] ——Y,05, /7= 0.17, d=2.1 mm
0.8 £(T=1100K) = 0.19
N e Y503, /7= 0.37, d=2.4 mm
0.6\ £(T=1100K) = 0.27
044
0.2 -
1 - Ao, A
00 T T T T TIT — T T T T TV TTTT
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Wavelength 4, pm

Fig. 9 Directional emittance ¢ of yttria as a function of wavelength A from 0.25 to 18 um at ambient

temperature

Table 2 Christiansen wavelength Acp, and total emittance &(7") of the monolithic ceramic samples mea-

sured at ZAE Bayern
Sample No. Material Christiansen wavelength Total emittance (7T)
Achr (Um) atT =1,100K

1 HfO, 13 0.73

2 Al O3 10 0.53

3 Al O3 10 0.24

4 TiOy 12 0.34

5 TiOy 12 0.27

6 Y03 15 0.19

7 Y,03 15 0.27
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Fig. 11 SEM image (enlargement factor=2000) taken of sample 5 (TiO, with IT = 0.42)

1,100 K. With a lower sintering temperature and smaller time, one gets a significantly
higher porosity (IT = 0.42) with a finer structure (sample 5) and dimensions of about
3 um. This results in a lower total emittance of 0.27. Sample 6 (Y,03 with IT = 0.17)
has a structure with dimensions of about 1 um and a total emittance of 0.19. This is
due to the structural properties and the Christiansen wavelength, which lies at a longer
wavelength compared to TiO5.

To obtain more information about the structure of sample 6, the directional-hemi-
spherical reflectance and transmittance were measured for a thinner sample prepared
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Fig. 13 Pore volume distribution of sample 6 (Y, O3 with IT = 0.17) determined via scattering of radiation
inside the ceramic

and sintered together with sample 6 so that both samples have the same properties,
except for the thickness.

The effective optical thickness and the effective albedo, which are equivalent to
the effective extinction coefficient and effective scattering coefficient, are determined
using Egs. 15 and 16. The dimensions of the structure (Eq. 26) were calculated from
the known effective scattering coefficient using Mie-theory. The resulting structural
properties are depicted in Fig. 13. Although spherical pores were assumed as scattering
centers, the resulting dimensions agree well with the SEM images. Because of this, the
pore volume distribution in Fig. 13 gives the distribution of the structural dimensions.
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Investigations on the correlation between the structure and the porosity on the one
hand and the thermal conductivity on the other will be a topic of future work. In
general, a reduction of the thermal conductivity with increasing porosity would be
expected.

5 Conclusions

It was shown that the infrared-optical properties of oxide ceramics can be varied over
a relatively wide range by varying the material and the structure of the sample. Some
of the most promising materials were investigated in this work. As a result the emit-
tance was reduced from 0.80 to 0.19 by optimizing the manufacturing process. One
requirement for lowering the emittance is the usage of a material with a large real part
and a small imaginary part of the complex refractive index. A second requirement is
the optimal structure of the produced sample. The dimensions of the structure should
have the same order of magnitude or be slightly smaller than the wavelength of the
incoming radiation to get maximal reflectance and therefore minimal emittance.

In this work preliminary investigations were carried out to check the potential
reductions in the emittance of ceramics. As these investigations were successful, work
is planned to further reduce the emittance, e.g., to achieve an emittance below 0.1 at
1,100 K. In the future, mixtures of different materials with variations of the structure
will be investigated. For example, a mixture of titania and yttria is promising, as it
unites the large real part of the refractive index of titania with the small imaginary
part of the refractive index of yttria. As the refractive index of mixtures can differ
significantly from the refractive index of the raw material, a detailed analysis of the
mixtures will be necessary.
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