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Abstract

The infrared-optical properties and particularly the emissivity of sintered ceramics depend on the material’s bulk
properties and structural properties such as porosity, pore size distribution and pore diameter. The infrared-optical
properties can be varied across a wide range by specifically selecting the material’s bulk and structural properties. A
major concern of the present study is the development of a ceramic coating material with a total emissivity below 0.2
at a temperature of 800 °C. For this purpose, various samples of a TiO,-Y,0; (TY) ceramic composite were produced
with different properties. On variation in the Y,O5 content from 5 to 60 wt%, the porosity of the ceramic composites
varies from 3 % to 47 % with the mean pore diameter lying in a range from 0.3 pm to 1.7 pm. The addition of graphitic
pore builders increases the porosity up to 60 % and the mean pore diameter to a maximum of 15 pm. By optimizing
the total porosity and the pore size of the TY ceramics, a total emissivity as low as 0.17 at 800 °C could be achieved.
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I. Introduction

Ceramic materials are used increasingly in industrial
high-temperature range applications. Over 50 % of all in-
dustrial processes involve thermal steps. Consequently,
it is clear that optimizing heat transport via a medium or
between surfaces is both economically and ecological-
ly relevant. In the aeronautical industry it is state of the
art to coat the blades of gas turbines with ceramics that
have low heat conductivity and high total emissivity. This
high emissivity enables the thermal energy transmitted by
forced convection to the ceramics to be efficiently radiat-
ed. On the other hand, there are applications where a low
total emissivity is required. For example, in the automo-
tive industry, coating hot parts such as exhaust manifolds,
turbocharger housings or catalytic converters with a low-
emissivity ceramic material could markedly reduce heat
loss to the surrounding, temperature-sensitive compo-
nents. Firstly, this leads to an increase in the engine’s level
of efficiency. Secondly, it permits temperature-sensitive,
e.g. lightweight design materials to be used in the sur-
roundings of the drive aggregate, which until now could
not be used owing to the temperatures involved. Compo-
nents made of metal also have a low emissivity. However,
if they are used at high temperatures, oxidation processes
occur, which cause the emissivity of the material’s surfaces
to rise considerably.

To obtain a comprehensive picture of heat transfer
through a material, precise knowledge of all physical
and chemical, macroscopic and microscopic properties
is necessary. Itis equally important to understand the rela-
tionships between these properties and their contribution
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to heat conduction, thermal radiation and their coupling.
Thus, for example, the complex refractive index for pure
materials is published in the technical literature 1.2. How-
ever, even the presence of porosity below one percent or
an impurity or material mixture can considerably impair
the optical properties of the material, but exact knowledge
of these influences enables targeted adjustment of infrared
optical properties and thus accommodation of the scope
of the material.

Besides their mechanical properties, both the thermal
and the radiative properties of the ceramics play an essen-
tial role in such applications. Their particular application
as a thermal barrier material is based on the reduction of
the conductive heat transfer through the ceramic media
as well as the radiative heat transfer. The infrared optical
properties and thus the emissivity of the sintered ceramics
depend on the material’s bulk properties, such as refractive
indices and electric conductivity as well as on their struc-
ture, which is mainly defined by the porosity and the pore
size distribution 3-5.

The emissivity ¢ of a material is a measure of its ability to
emitradiative energy fromits surface. The emissivity is de-
fined as the ratio of energy radiated by a material’s surface
to the energy radiated by a black-body radiator at the same
temperature. Itis directly proportional to the total amount
of energy, in W/m2, emitted via radiation from a surface at
agiven temperature. A black-body radiator is a theoretical
object with an emissivity of 1 and thus emitting the max-
imum amount of energy via radiation at a given tempera-
ture. In the case of radiative properties, the spectral emis-
sivity is also important. The spectral emissivity is the ra-
tio of the radiation emitted by a surface at a specific wave-
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length to the radiation emitted by a black-body radiator at
the same wavelength and temperature.

The objective of this study is the development of a ceram-
ic material whose total emissivity is below 0.2 at 800 °C.
The heat transfer of such ceramics owing to thermal radi-
ation would be significantly lower than conventional ce-
ramics (e.g. PYSZ coating), which have a total emissivity
of up to 0.8 at the same temperature 4. As mentioned be-
fore, a possible application is the automotive sector, where
hot parts such as exhaust manifolds or catalytic converters
can be coated with ceramic on the outer surface. The heat
exchange with surrounding components would be signif-
icantly reduced. Similar applications in other sectors with
the same or similar requirements are feasible. Altogether,
the reduction of the emissivity offers a considerable poten-
tial for heat transfer optimization 3.

Metallic assemblies used in the automotive field as part
of the engine’s exhaust system can reach temperatures up
to 1000 °C. At these temperatures, heat emission occurs
mainly through radiative emission in the infrared spectral
range from the part’s surface. Normally, clean metallic
surfaces have a total emissivity of 0.1 or even lower. Metal
components that are used at high temperatures are subject
to oxidation processes. Generally this increases their total
emissivity dramatically, to above 0.8. A reduction of the
total emissivity from 0.8 to 0.2, e.g. with a ceramic coating,
would lower the radiative heat transfer by about 70 % 3. At
room temperature, the contribution of radiation and free
convection to the total heat transfer are in the same order
of magnitude. In contrast, at a temperature of 800 °C, the
heat transfer based on radiation is more than three times
higher than the heat transfer by free convection 4.

If suitable materials or material systems can be synthe-
sized with a suitable structure so that they become pre-
dominantly impermeable to thermal radiation and only
emita small amount of it, it is possible to achieve a marked
reduction in radiative heat transfer. Reducing the emis-
sivity from the functional materials or material systems
that are optimized for thermal radiation produces poten-
tial for energy efficiency and operating safety of tempera-
ture-loaded components.

IL. Theory

Ceramics are mainly semi-transparent in the infrared-
optical spectral range. This means that only a small part
of the thermal radiation passes through the sample with-
out being scattered or absorbed 6. In porous media, the
thermal radiative heat transfer through the medium will be
significantly influenced by scattering and absorption pro-
cesses. In general, scattering occurs at the interface of ma-
terials with different refractive indices and depends on the
degree of difference in the refractive indices. In our case,
scattering mainly takes place at the air-filled pores with-
in the ceramic and at the interface between medium and
environment, which is usually air. The absorption occurs
in the ceramic material itself. As a high absorption coeffi-
cient also leads to a high level of emission, it is necessary to
minimize absorption in the bulk material 7. Together with
maximization of the scattering effects in the relevant spec-

tral range, the emissivity of a ceramic can be significantly
reduced 38,
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Particularly in semi-transparent media such as ceramics,
radiative heat transfer together with heat conduction via
the solid framework contributes significantly to the total
heat transfer through the medium. In numerous porous
materials with low densities, thermal radiation accounts
foraproportion of up to 20 % even at room temperature .
Examples of this are thermal insulating materials such as
mineral wool or polystyrene foam. With rising application
temperature, the significance of thermal radiation com-
pared to other heat transfer mechanisms increases dramat-
ically. This is due to the strongly non-linear temperature
dependence (~ 13) of the radiative heat transfer 10.

Asoxide ceramics are largely semi-transparentin the near
infrared spectral range, their infrared-optical properties
haveastrong volume dependence. Scattering effects in par-
ticular influence the total emissivity of the ceramics. By
manufacturing porous ceramics from pulverized starting
materials in a sintering process, the scattering of electro-
magnetic waves is optimized in the ceramics. Here, an in-
crease in scattering effects leads to a drop in the total emis-
sivity. One option is the manufacture of porous composite
ceramics. Composites consist of two-phase or multi-phase
materials. If oxides with differing sintering behaviour are
used, it is possible to manufacture porous ceramics under
unchanged sintering conditions such as time and temper-
ature. As a result, the pore diameters can also vary within
a size range, in which radiation is scattered to an increased
extent in the infrared spectral range.

The scattering of electromagnetic waves on spherical par-
ticles is described by the Mie theory 11. It shows that the
scattered radiation is both dependent on the pore diame-
ter and on the complex refractive index of the surrounding
material. The air-filled pores in porous ceramics can thus
be described approximately by an effective diameter even
if they are not exactly spherical. Porosity and pore diam-
eter can be influenced by the sintering conditions and the
grain size of the starting powder as well as by special pore
builders 12. These additives combust during the sintering
process and leave behind pores of a defined size. As part
of this study, in order to investigate this effect in more de-
tail, composite ceramics are manufactured from metal ox-
ide starting powders using different pore builders and then
infrared-optically characterized.

The aim is to significantly reduce the total emissivity
of composite materials at high temperatures in order to
greatly reduce thermal radiation to the surroundings. For
this purpose, composite materials based on oxide-ceramic
nanopowders are manufactured and characterized struc-
turally, by means of X-ray scattering and infrared-optical
measurements. With the variation in manufacturing con-
ditions, the ceramics can be altered in their structure. In
order to achieve this goal, it is necessary to know the de-
pendence of the emissivity firstly on the structure of the
material and secondly on the complex refractive index of
the material used. The complex refractive index is obtained
from the microscopic properties such as the arrangement
and symmetry of the atoms in the crystal lattice and the
character of its chemical bond 13.

In order to understand the emission of a porous body,
precise knowledge of the complex refractive index
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m=n+1 k of the material is required 4. In the case of
porous ceramic materials, a high real part 7 of the com-
plex refractive index causes a high reflection at the air-
medium interface and the air-filled pores within the ce-
ramic. Additionally, a small imaginary part & results in a
low absorption coefficient. To achieve a low emissivity, a
high real part 7 and a small imaginary part & is required 3.
Therefore, the complex refractive indices of different ce-
ramic materials were compared to draw up a shortlist of
suitable starting materials which fulfil both conditions.

According to Wien’s displacement law 15 the radiative
maximum of a black body is at a wavelength 1 of about
2.7 um for 800°C. At this temperature, the majority of
the radiative energy (~98 %) is emitted in the range be-
tween 0.25 um and 18 um. From a wavelength of approx.
5 um and especially above 10 pm, multiphonon and single
phonon processes contribute towards radiation absorp-
tion depending on the material. In order to minimize the
contribution of these absorption mechanisms to the in-
crease in emissivity, the material used should display the
highest possible real part and the lowest possible imagi-
nary part of the complex refractive index. As already men-
tioned, the complex refractive index is known for many
pure materials. On the other hand, there is only a small
amount of data available in the literature for mixtures of
several substances, particularly for high temperature and
higher wavelengths. For this reason, the complex refrac-
tive index was determined on non-porous composite ce-
ramics.

For oxide ceramics, the spectral emissivity in the wave-
length range between 1 pm and 5 pm is relatively low. At
higher wavelengths, a strong increase can be observed.
This behaviour can be recognized in Fig. 1, which shows
the spectral emissivity of five different ceramic materials.
The spectra were calculated from the measurement of the
directional-hemispherical transmittance and reflectance at
room temperature in the wavelength range from 0.25 to
18 pm. More than 30 % of its total radiation is emitted
at wavelengths above 5 pm. Due to this fact, the spectral
emissivity in this wavelength range still has a significant in-
fluence on the total energy emitted by radiation. To allow
a simplified comparison of the emissivity of different ma-
terials, the total emissivity can be calculated from the spec-
tral measurements with the Rosseland weighing function.
The total emissivity is a temperature-dependent material
constant proportional to the amount of energy which is
emitted by a surface at the given temperature. In this pa-
per, all values of the total emissivity are given for the de-
sired application temperature of 800 °C.

Fig. 2a shows the real part # for some selected ceramics.
Although all materials show a similar run with relative
high 7 values at short wavelengths and a continuous de-
crease with increasing wavelength, some important dif-
ferences can be identified. In particular, the TiO, shows
areal part n higher than all other materials considered for
wavelengths up to 7 pm. This is combined with a stronger
decrease at smaller wavelengths than the other ceramics.
On the other hand, the Al,O3 shows a small real part
n across the entire observed spectral range which leads
to less scattering and therefore to a higher total emis-
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sivity. The imaginary parts k are presented in Fig.2b. It
is very apparent that BaTiOj3 has a relatively high & at
short wavelengths, which leads to the expectation of a
stronger absorbance at short wavelengths. Y,03 shows a
k that over the entire spectral range is one or two orders
of magnitude lower than that of the other ceramics. For
this reason, no strong absorption peaks can be observed
in the emissivity spectrum.
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Fig. 1: Spectral emissivity of the ceramics Al,O3, TiO,, Y,0s3,
Zr0,-Y,03, BaTiO3 and the TiO,-59YN composite at room tem-
perature.
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Fig.2: Real part n (a) and imaginary part k (b) of the complex
refractive index of the ceramics Al,O3, TiO,, Y,03, ZrO,-Y,03
and BaTiO5 1.
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III. Experimental

For the presented investigations, two nanopowders, i.e.
TiO,-P25 and Y,03-N as well as a submicron powder
Y,05-P were selected. The relevant material properties of
these powders are summarized in Table 1.

The detected pure density of the TiO, powder mea-
sured with a gas pycnometer (AccuPyc 1330, Micromerit-
ics GmbH) using helium as testing gas in accordance with
DIN 66137 16 was 3.9 g/cm3, 4.8 g/cm3 for the Y,03-N
and 5.0 g/cm3 for the Y,O3-P powder. The specific surface
determined was between 40 and 50 m2/g for the nanopow-
dersand 3.6 m2/gforthe u-Y,0O3 powder Y,O3-P. The av-
erage particle sizes of each are in the range of 10 to 160 nm
and between 3 to 15 pm respectively, measured with an
ultrasonic spectrometer (DT1200, Quantachrome, Ger-
many). Images of the powders obtained by transmission
electron microscopy (TEM) and scanning electron micro-
scope (SEM) are presented in Fig. 3. The TiO, (titania)
powder mainly consists of anatase and small fractions of
rutile but only the cubic crystalline phase was detected in
the Y,Oj (yttria) powders.

Different mixtures were prepared from the pure oxide
powders, and further processed for one hour in an attritor
mill (Netzsch GmbH, Selb, Germany) with ZrO, grind-
ing balls and the addition of distilled water and 10vol%
Uniox (PEG - polyethylene glycol, molecular weight
20.000 g/mol, Nippon oils & fats, Japan) based on the
respective solid content as pressing additive. Subsequent-
ly, the suspensions were dried in a freeze dryer to ob-
tain compressible powders. The powders obtained were
compacted at 100 MPa by means of uniaxial pressing to
a green density from 45 to 48 % and sintered at differ-
ent temperatures (1100—1600°C, 10 K/min). Ceramics
consisting of TiO,-P25 with 5 to 60wt% Y,03-P and
Y,03-N were manufactured. Porosities and densities of
the sintered samples were determined using the buoyan-
cy-flotation method in accordance with DIN EN 993 17.
For samples with an open porosity greater than 10 %, the
pore size distribution was analysed by means of mercury
intrusion porosimetry 18-20 according to ISO 15901 21,
The corresponding phases were identified by means of
X-ray diffraction (Philips instrument PW 1710 copper
anode, 40 kW, 25 mA, wavelength 0.154 nm Cu K«). Fur-
thermore, various pore-forming additives such as graphite
(particle sizes between 2 and 8 pm) or carbon black (parti-
cle size below 50 nm) were added to selected samples.
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For the preparation of graphitic additives containing
samples, Ti0,-45Y,03-P powders were dispersed in wa-
ter and homogenized in an attritor mill (Netzsch GmbH,
Selb, Germany) for one hour. After freeze-drying, the
T10,-45Y,0;-P powders obtained were again dispersed
in an aqueous suspension by means of conventional stir-
ring with the addition of deflocculants CE64 (Zschimmer
und Schwarz, Germany) or CTAB- Cetyltrimethylam-
monium Bromide (Fluka) and the pore builder graphite or
carbon black (25 vol%). Freeze drying of this suspension
results in a powder that was added (approx. 20vol%) to a
10 wt% gelatin solution stirred for one hour at 40-50°C.
The suspension prepared in this way was poured into a
mould and gelled at room temperature after approximate-
ly 30 min. Demoulding and freeze-drying for 24 hours
provided samples ready for sintering. The burn-out tem-
peratures of the graphitic powders, determined by dif-
ferential thermal and thermal gravimetric analysis, were
between 600 °C and 850 °C.

Polished sections from selected samples were prepared,
thermally etched at 150 °C below the sintering tempera-
ture for approx. 15 min and their microstructure investi-
gated by means of SEM. The spectral emissivity was de-
termined by measuring the directional-hemispherical re-
flectance and transmittance of the ceramic samples with an
integrating sphere atambient temperature. A PerkinElmer
Lambda 950 diffraction spectrometer was used for the
wavelength range from 0.25 pm to 2.5 pm and a Bruker IFS
66v FTIR spectrometer was used for the wavelength range
from 1.4 pm to 18 pm. The total emissivity at 800 °C was
calculated according to the procedure described in the pre-
vious section.

IV. Results and Discussion

While retaining the same sintering conditions, the open
porosity and the mean pore diameter of the sintered sam-
ples increased with increasing Y,O3 content in the TiO,-
P25 -Y,03-P ceramic composite, see Fig. 4. Fig. 5 shows
the total emissivity as a function of the Y,O3 content for
the same set of samples. It is clearly noticeable that the
emissivity monotonically decreased with increasing Y,03
content. Simultaneously with increasing Y,O3 content,
increasing phase content of yttrium titanate (Y,T1,0)
was observed, see Fig. 6. Therefore, at this point it is not
clear whether the yttria-dependent decrease in the emis-
sivity in Fig. 5 is a result of increasing porosity, pore diam-
eter or yttrium titanate phase content.

Table 1: Key parameters of the investigated ceramic raw powders: manufacturer and manufacturing processes, particle size,

specific surface area, true density and X-ray phase.

Manufacturing Particle size S Orein

Powder Process /nm /m2.g-1 | /g.cm™3 X-ray phase

TiO,-P25 Evonic Degussa AG, 40-160 50 3.9  |anatase, rutile
gas phase reaction

Y,05-P Projector GmbH, 3,000— 15,000 3.6 50  |cubic
Precipitate

Y,0;-N gher.nl?ur GmbH 10-380 40 48  |cubic

recipitate
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Fig. 3: TEM and SEM images of the ceramic raw powders: (a) TiO,-P25, (b) Y,03-N, (c) Y,03-P

Among the investigated ceramic composites, the T-45YP
made of 55 wt% TiO,-P25 and 45 wt% Y,0O3-P shows
the most promising results: a relative sintering density
of 56 % and a total emissivity of 0.23. For higher yttria
concentrations up to 60 wt%, similar results are obtained.
Therefore, the T-45YP ceramic composite was investi-
gated in more detail: T-45YP samples were prepared and
sintered at temperatures between 1100°C and 1600 °C.
An increasing sintering temperature led to a decrease in
the rutile content and to an increase in the yttrium titanate
phase. The amount of yttrium titanate almost doubled
as the sintering temperature increased from 1100 °C to
1600 °C. In contrast, the amount of yttrium titanate and
rutile remained almost constant for the T-45YN system
composed of 55 wt% TiO,-P25 and 45 wt% of the nan-
odispersed yttria powder Y,0O3-N. This is understand-
able in terms of the higher reactivity between the nanodis-
persed titania and yttria powders.
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Fig.4: Open porosity and mean pore diameter of the TiO,-Y,03
ceramic system as a function of the Y,Oj3 content at a sintering
temperature of 1300 °C.

The T-45YP system shows a total emissivity between 0.2
and 0.3 for the investigated sintering temperatures, in com-
parison to the T-45YN ceramics with a total emissivity
ranging from 0.3 to 0.4. One reason for the higher emis-
sivity of the T-45YN ceramic is the finer pore structure, as
observed by means of SEM. The pores cannot interact ef-
fectively with the infrared radiation: They are too small to
act as scattering objects for the radiation. This observation
argues against the suggestion that merely the yttrium ti-
tanate phase concentration is responsible for the observed
reduction in emissivity in Fig.5. In turn, we can deduce

Porous TiO,-Y ,0 5 Ceramics with Specific Infrared-Optical Properties 187

from the data that an increasing yttria content can reduce
the emissivity of the sintered ceramic composites by form-
ing a more porous structure with a pore size effective for
infrared radiation scattering.
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Fig.5: Emissivity of the TiO,-Y,03 composite at 800 °C sample
temperature as a function of the Y,0O; content. The samples have
been sintered at a temperature of 1300 °C.

N BN BN

80 -
70 4
60
50 4
40 -

30 4

phase content / wt%

20 4

5 10 15 20 30 40 45 50 60
Y,0;-content / wt’%

Fig. 6: Phase content in the TiO,-Y,O3 ceramic system as a function
of Y,O3 content at a sintering temperature of 1300 °C.

According to this concept and in order to have more di-
rect control over the samples’ porosity and pore size, pore
building additives were added to the samples. To achieve
a very low total emissivity below 0.2, the mean pore di-
ameter should be in the range of 2 to 6 pm, as shown in
Fig. 7, together with a sufficiently high porosity of about
50 %. The use of pore building materials such as graphite
and carbon black in the ceramic production process has a
beneficial effect on the open porosity and the formation of
pores larger than 2 pm. The corresponding data are sum-
marized in Table 2.
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Table 2: Detected characteristics of the ceramic systems T-45YP, made of 55wt% TiO,-P25 and 45wt% Y,0O3-P
(p-powder), and T-45YN, made of 55 wt% TiO,-P25 and 45 wt% Y,0O3-N (nano-powder), for different sintering tem-
peratures and manufacturing processes. Standard preparation of the samples, e.g., T-45YP, was uniaxial pressing. Samples
denoted by -Gel have been prepared by gel casting, +C stands for the addition of graphitic carbon (particle sizes between
2 and 8 pm) and + CB stands for carbon black (particle size below 50 nm). Also, T’ is the sintering temperature, £y time at
max sintering temperature, gy, density after sintering, 7, open porosity of the samples after sintering, D ,, mean pore
diameter after sintering, ¢ (800 °C) total emissivity calculated at 800 °C sample temperature.

Ceramic system Ts ty Osinter Osinter,rel Topen D, e
/°C /h /grem-3 /% /% /pm (800°C)
[+0.05] | [+0.02] [+ 0.01]
T-45YP 1100 2 2.4 51 49 0.53 0.32
T-45YP 1200 2 2.5 54 46 1.05 0.26
T-45YP") 1300 2 2.9 60 40 1.52 0.23
T-45YP 1400 2 31 64 36 2.60 0.24
T-45YP 1500 2 3.9 82 18 2.55 0.26
T-45YP 1600 2 4.5 94 <1 - 0.29
T-45YP-Gel") 1400 2 2.2 46 53 4.38 0.21
T-45YP+C-Gel") 1400 2 2.1 43 56 4.70 0.18
T-45YP+CB-Gel") 1400 2 1.7 36 61 5.67 0.17
T-45YN 1100 2 2.8 58 42 0.31 0.40
T-45YN 1300 2 4.0 84 16 0.38 0.31
T-45YN 1400 2 4.7 97 <1 - 0.29
T-45YN-Gel. 1400 2 21 44 45 15.7 0.27
T-45YN+CB-Gel") 1400 2 2.5 53 51 6.7 0.24

*) Pores distribution unimodal

SEM images of two similar T-45YP samples with
25vol% graphite as a pore building additive sintered at
1100 °Cand 1400 °C, respectively, are shown in Fig. 8. The
sample sintered at 1100 °C shows the formation of sinter-
ing necks and the coalescence of ceramic particles (inter-
mediate stage of sintering). This sample with a porosity of
55 % and a pore size <1 pm has a total emissivity of 0.28.
In contrast, the porosity of the ceramic sintered at 1400 °C
is reduced to 42 % with a pore size >2pm and a signifi-
cantly reduced total emissivity of 0.20. However, it is not
clear which exact total porosity is required for achieving
the lowest emissivity. On the other hand, this example
supports the viewpoint that it is not the total porosity of
a sample that is the critical parameter for minimum emis-
sivity, but the pore size.

Fig. 9 compares total emissivities of the T-45YP and T-
45YN ceramics with and without pore building additives
as a function of the sintering temperature for all investi-
gated samples. The lowest emissivities were obtained in
a sintering temperature range from 1300°C to 1400 °C.
With carbon black as pore building additive and a sinter-
ing temperature of 1400 °C, a unimodal pore size distri-
bution between 2 and 6 pm could be achieved. At lower

sintering temperatures the pores are too small to effective-
ly interact with infrared radiation and at higher temper-
atures sintering results in a densification of the samples,
reducing the total number of scattering centres, i.e. pores.

0,45

* T-45YP
0.4 AT-45YN |
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0,1 T

0 5 10 15 20
mean pore diameter D, fum
Fig. 7: Emissivity of the TiO,-45Y,0; ceramics (T-45YP, T-45YN)
as a function of the mean pore diameter.

emissivity at 800 °C

That could also be confirmed in the work of 22. The total
emissivity rises considerably if the pores are too big (in a
range from 50 —200 pm) (;0a1 = 0.66 at 300 °C and 0.42 at
700°C).
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Fig. 8: SEM images of two T-45YP samples after sintering at two different temperatures, left, 1100 °C, right, 1400 °C (thermal etching condition
100°C to 150 °C under sintering at temperatures for 15 min)

In contrast, the unimodal distribution of pores in the ma-
terial provides a homogeneous grain structure and leads
to homogeneous scattering behaviour in the IR spectral
range, which is thus necessary for a low total emissivi-
ty. The results presented in Table 2 confirm this. When
graphite (GJM-2) and soot were added to T-45YP, pore
diameters of 4.4 pm and 5.7 pm could be measured with a
total porosity of ~ 60 %, whereby the lowest total emissiv-
ities of 0.17/0.18 were obtained. The pore size distribution
is unimodal and the pore size is very close to the wave-
length (A\~3 pm) where the black body shows its maxi-
mum intensity at 800 °C.
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Fig. 9: Emissivity of the TiO,-45Y,0O3 ceramic (T-45YP, T-45YN),
with and without pore builder, as a function of the sintering temper-
ature.

Similar investigations?3 were performed on open-pored
layer structures composed of titanium oxide and yttri-
um oxide (mass ratio TiO,:Y,03=45:55). The porosity
of the layers sintered at 900°C to 1200°C is 40-50 %.
With increasing sintering temperature, sintering proceeds
(grain coarsening) and an increasing mean pore size was
observed. The total emissivity at 800 °Cis discussed for the
sintering temperatures 1100 °C and 1200 °C. With higher
sintering temperature, the total emissivity is lower (~0.3)
than at 1100 °C (~ 0.4), which is due to the higher sintering

level and the pore size. According to 23, the influence of
pore structure and grain size of the crystallite on the total
emissivity is considered to be great.

Sintering curves of the pure TiO,, T-45YP and T-45YP
samples containing 25 vol% carbon black are presented in
Fig. 10. It is clearly noticeable that densification of the T-
45YP sample is significantly delayed relative to the pure
TiO, sample. This effect is even more pronounced for the
T-45YP sample containing carbon black.
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B0l : :
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Fig. 10: Dilatometer analysis of sintering behaviour of the pure
TiO,, T-45YP and T-YP with 25 vol% carbon black samples..

V. Conclusion

For the TiO,-Y,0;3 (TY) ceramic composite, various
samples were produced with different properties. With
variation of the Y,Oj3 content from 5 to 60 wt% in the TY
system, the porosity changes from 3 % to 47 % and the
mean pore diameter lies between 0.3 pm and 1.7 pm.

The addition of the pore builders graphite and carbon
black to the TY-ceramic increased the porosity up to 60 %
and the mean pore diameter to a maximum of 15 pm. The
porous materials have crystallite sizes ranging from 0.2 pm
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to 4.6 pm. The total emissivity at 800 °C of the ceramic
samples investigated was between 0.17 and 0.4.

Lowest total emissivities (below 0.2) of the TiO,-Y,0;
ceramic composites are found at sintering temperatures
between 1300 °Cand 1400 °C, at which a porosity between
40 % and 60 % and a mean pore diameter between 2 and
6 pm could be reached.
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