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Nano technology is one of the keywords of modern ceramics. It is a curious fact that Sm 2004/1

ceramists have worked in fact with nano particles since time out of mind: clays con-
tain extremely fine colloidal particles giving e.g. the plasticity, which is necessary for
plastic moulding. Even certain ceramic or glass colours of the middleage have used
nano particles - without knowing details of their size and action. The “new wave” of
the last decades has made nano particles, a world between atoms and the
macroworld, interesting for chemists, biologists, material specialists and others. The
articles in technical publications and the presentations in conferences have brought
some knowledge about this microworld to ceramists, but it often just scratches the
surface. The following paper is written by a team of R&D-specialists, working in the
Southwest of Germany at the Institute for New Materials (INM) headed by Prof. Dr.

rer. nat. Helmut Schmidt, a worldwide esteemed pioneer in this special area.

Potential of

Ceramic Nanoparticles
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1 Introduction

For processing of ceramic powders, the particle
size, particle shape and particle distribution has
high importance, since many processing param-
eters and final properties are influenced. Particle
size distribution influences the green density,
the pore size distribution of the green body, the
sinter activity as well as grain growth, at last the
grain size distribution in the sintered material.
It is a well known fact, that surface atoms, sur-
face ions or surface molecules show a free ener-
gy value different from that of the inside of a
particle. This is due to the change of local envi-
ronment while approaching the surface. The
bonds become weaker and the lattice parame-
ters change, which can be easily detected by
X-ray diffraction patterns, leading to an increase
of the half width of the X-ray peaks. This is used
to calculate primary particle size by the Sherrer’s
equation.

The different state of atoms close to the surface
for example leads to the enhanced diffusion
compared to the lattice diffusion. For this rea-
son surface diffusion is one of the most impor-
tant densification mechanism during the sinter-
ing process. This indicates that the overall prop-
erties of particles change remarkable with
decreasing diameter.

Diameter and surface area depend on a square
root function, the volume varies by the third
order of magnitude. Since the “disordered shell”
around a small particle is not a monolayer but
comprises a certain volume, the volume fraction
of this “shell” also increases by the third order
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of magnitude with decreasing diameter. This
has to be taken into consideration if one looks
at the change of properties with a decreasing
particle size.

Reducing the diameter from 10 um to 10 nm,
the surface area increases by 6 orders of magni-
tude, if the overall material volume is kept
constant, and the disordered shell volume
increases by 9 orders of magnitude. This phe-
nomenon has been described in detail in the
book of Gleiter [1].

Many properties are affected by decreasing the
particle size. Beside the disordered shell volume,
for example, in semiconductors quantum con-
finement takes place leading from band gap
structures to exitons, which has been investi-
gated in detail by Henglein [2] and Weller [3]. In
metal particles, plasmon resonances are
observed, based on the resonance of hot surface
electrons. This leads to an intensively coloured
transparent system if the particles are homoge-
neously distributed in a transparent matrix, and
this is known since centuries for example from
gold ruby glasses. '

Gold also shows a strong non linear optical
behaviour [4] of the third order which was
investigated for optical switching. Magnetic
properties also can change with size, for exam-
ple the change from ferromagnetism to super-
paramagnetism which for example is well
known in nano magnetite and nano
maghemite.

Not only the disordered shell volume is
increased significantly with reduced particle
size, but also the interface either to a liquid or a
solid as surrounding medium in which the par-
ticles are dispersed. This interface, in general,
has a different molecular structure than a con-
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tinuous bulk phase of the matrix and in analo-
gy to the disordered shell of the particle the
interfacial phase volume also is increasing with
decreasing particle diameter.

For ceramic materials one of the most interest-
ing aspects resulting from a very small particle
size, is the potential of reducing the sintering
temperature. The dependence of the sintering
temperature on particle size is well investigated,
but investigations about particle sizes in the
lower nanorange are very difficult to perform
due to serious processing drawbacks.

20 years ago, many investigations have been
carried out to prepare ceramic components by
sol-gel techniques. It is a matter of fact, that the
sol-gel technique in a general view represents a
nanoparticle technology, because e. g. for
ceramic systems sols represent nanoparticles
dispersed in a liquid phase. To stabilize those
sols, forces between the particles (van der Waal
forces, hydrogen bonds) have to be overcome by
keeping the particle in a distance greater than
the critical distance. This, in general, is achieved
through electrostatic forces by charging the par-
ticle surfaces.

This phenomenon is well known and has been
described by Stern [5] already at the beginning
of the 20th century and is used as the basis of the
DLVO-theory . For having a measure for the par-
ticle surface charges, the so called C-potential is
determined. The critical distance is the distance
at which the repulsion force (due to the charge)
changes into an attraction.

The formation of a green body from sols in gen-
eral is obtained either by removal of the particle
charge at the point of zero-charge through a
appropriate pH-change or by evaporating the
solvent. In general, this leads to a green body in
form of a gel with a very low green density, rang-
ing from a few to about 20 %. Processing these
“nanoparticulate” gels to large bodies leads to
serious problems, so that this technology main-
ly has been used for the fabrication of thin
films [6].

These investigations, however, have shown one
important fact: if one can overcome the inho-
mogeneous shrinkage which in general forbids
the fabrication of parts, the sintering tempera-
ture can be reduced drastically. This should be
achievable by homogeneous pore size distribu-
tion based on a dense and regular packing.

The question arises now, how far it is possible to
utilize this intrinsic properties of nanoparticles
for a ceramic processing. The main obstacles as
known so far, is the tendency of agglomeration
and to overcome the problems well known from
sol-gel processing. Ceramic nanocomposites
have been emphasized in the past, but for
mechanical improvement of ceramics the real
broad breakthrough could not be obtained by
now. For obtaining nanosized structures in the
final product, too much grain growth also has to
be avoided.

However, it is difficult to prevent grain growth,
since during the sintering process initiated by
transport mechanisms in general growth takes
place. The homogeneity of green bodies with
nanoparticles also seems to be a problem due to
agglomeration. This leads to inhomogeneous
porous distributions or even bi-mode pore size
distributions causing an inhomogeneous sinter-
ing process with a total loss of all potential ben-
efits of the nanoscale.

Another serious problem is still the high cost of
nanopowders in combination with the
described difficulties for processing, which leads
to serious obstacles for ceramic nanoparticle uti-
lization.

2 Synthesis of Ceramic Nanoparticles

There are two basic technologies for the fabrica-
tion of nanoparticles. The one is the top-down
and the other is the bottom-up approach. Top
down means milling of large particles or bulk to
the nano-size and has been investigated
through high energetic milling for example of
tungsten carbide. Nanoscale primary particles
have been obtained, but the problem of agglom-
eration cannot be solved by this technique.
However, specific benefits for processing and
properties could be obtained by achieving very
fine microstructures. Conventional ball milling
has been investigated recently with stirred
media mills using balls with diameters below
1 mm [7,8]. a-aluminium oxide has been milled
into the nanometer size, however, the fraction
of arising alumina is too high in order to define
this product as nanoscale corundum. In Fig. 1
the different approaches to nanoparticles are
schematically shown.

The question arises whether it is possible to
overcome the phenomena of recombination
during ball milling in order to improve the
process obtaining agglomerate-free nanoparti-
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cles. For this reason the so called small molecu-
lar surface modification concept (SMSM) has
been developed [9]. This concept is based on the
idea that the recombination time is strongly
reduced with decreasing particle size, because
the diffusion rate of nanoparticles lays in the
range of larger organic molecules, which is fast.
However, if very small molecules are used for
surface modification and if at the same time
they are able to develop strong bonds to the sur-
face, then it should be possible to block the sur-
face before particles aggregate. In Tab. 1, the
results of milling experiments utilizing a Drais
pearl mill are shown, an ultra sonic generator
has been added to the slurry circulation.

Any process leading to nanoparticles (or ceram-
ic colloids) has to be carried out by considering
the stability regimes of the suspension accord-
ing to the rules of colloidal chemistry. These
principles are not only valid for milling but also
for the synthesis of nanoparticles from molecu-
lar dispersions (bottom-up approach) and are
basically also valid for sol-gel synthesis. For con-
trolling nucleation and growth, the common
rules of course are valid. Nucleation is governed
by three thermodynamical parameters, as it is
shown in Fig. 2 in equation one.

For the nucleation frequency the free energy of
diffusion and the free energy of nucleation
(A Gy) are important. For the pre-exponential
factor, the sigma value (oy, interfacial free ener-
gy between the nuclear particle and the envi-
ronment) is important. Nucleation frequency is
enhanced by increasing oy. The same mecha-
nisms can be used for the growth reactions,
where oy has values very close to the nucle-
ation.

control of nucleation (AG,, AG,, oy
control of growth (AG;, AG,, 6.}

I chemically controlled precipitation processes

surface modifiers dyq [nm] s, (nm] deo[nm)
formiec acid 12 17 a6
Afkyearboxyhc acids
acetic acid 10 12 27
3-oxabutanic dad 9 12 33
o an 9 3 2
Sharcaiboyhe acids 3 B-dioxaheptanic acid 9 13 24
36,9 t 19<adetarnc 9 1 23
acid
acrylc acid
Linsaturaled acids rethaceyic acid
1 13 32
Amno acids
N Z-hydrocyetigl)-
irninociacetc acd 9 "4 138
bicin 8 10 19
Baminohexanic acid 1 15 33

The free energy for the diffusion does not
change. The free energy for nucleation has to be
substituted by the value for the free energy for
the growth reactions. The important fact is, that
by binding molecules to the surface of the
nucleus or the growing particle the oy can be
changed considerably, even to the point that a
nucleation or growth reaction can be stopped.
With this assumption it should be possible to
control particle size and particle size distribu-
tion just by appropriate selection of the surface
reactive agent as it is indicated in Fig. 2. The
effect of a partial surface modification of
nanoscaled zirconia by acetyl acetone (ACAC) is
shown in part (a) of Fig. 2. Zirconia nanoparti-
cles in aqueous solutions are covered with
OH-groups. In reaction with acetyl acetone a
surface complex is formed, which clearly can be
indicated by the shift of the carbonyl frequency.
By blocking a part of the protonically active
OH-groupings, the height of the C-potential is
changed, but not the position of the point of
zero charge, because acetyl acetone is not pro-
tonically active.
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ling experiments
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Principles of colloi-
dal chemistry for
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In part (b) of this figure, the surface modifica-
tion with acetic and basic groupings is shown.
This shows that the T-potential curve can be
shifted considerably within the pH, leading also
to a shift of the point of zero charge from the
basic to the acid. Moreover, since these group-
ings are small in size, they do not contribute
much to the particle volume and in most cases
they can be chosen from organic chemistry, so
that they can be burned out very easily if one
goes to ceramic processing.

In part (c) of Fig. 2, some examples for surface
modification are given and it can be easily con-
cluded, that processing and colloidal stability
parameters can be varied in a wide range. For all
surface modifiers is common, that they have to
form very strong bonds to the surface, for exam-
ple with silanes or by complex forming or by
ionic bonds. Especially if chelating ligants are
chosen, which have preferences to specific crys-
tal sites, a shape control during the growth also
can be achieved.

The application of these principles for the top
down approach through ball milling leads to a
process of “milling to the nano size” as already
shown in Tab. 1 [10]. The results show, that
amongst the chosen surface modifiers, with the
exception of the unsaturated organic acids there
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are many which lead to a remarkable reduction
of particle size down to the nano range.

The best candidates are tri-oxadecanic acid,
hydroxy ethylethylenediaminotriacetic acid
and bicine, which is an amino acid. For zirconia,
acids seem to be by far the best agents. They
form very strong bonds to zirconia which is
shown in Fig. 3 in the IR spectrum.

The shift of the carboxylic frequency of the free
acid to lower wave numbers clearly indicates the
formation of a salt-like or a complex type of sur-
face compound. These investigations clearly
show, that it is possible to use ball milling for
the fabrication of surface modified agglomerate
free nanoparticles, since these slurries after dry-
ing can be redispersed as well in aqueous as well
as in organic solvents, only depending on the
type of surface modifier.

The effect of the surface modifier aminosilane
(y-amino propyl triethoxy silane) on the particle
size distribution during an ultra sonic
supported modification process as shown in
Fig. 4 and 5 can be clearly seen. This also shifts
the point of zero charge (p.z c.) from pH 4,6 to
8,5.

1000n'

 magnetite
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Fig. 7 X-ray diffraction pattern of 6nm ZrO, after precipitation Fig. 8 HRTEM micrograph and particle size distribution of pre-
and hydrothermal treatment cipitated and hydrothermal treated zirconia
Zirconia, however, if prepared by the controlled  to green bodies or composites. The green body
precipitation method as explained in Fig. 3 is  consisting of nanoparticulate powders have to
not crystallized very well. In Fig. 6 and 7, 6...9  own a green density sufficiently high to be sin-
nm zirconia X-ray patterns are shown: after pre-  tered to dense parts. Only if the interaction
cipitation no crystallinity can be detected, between the particles is low enough, there is a
whereas hydrothermal treatment leads to fully
crystallized zirconia. : :
In Fig. 8 the micrograph of the redispersed zir-
conia and the particle size distribution after 207 1
hydrothermal synthesis and surface modifica- =
tion with trioxodeconic acid is given. As one can g 151 !
see the particles are the agglomerated nano 3
sized distribution. = 17 1
Utilizing these approaches various agglomerate ®
free nanoparticle systems have been synthe- £ I
sised. Depending on the crystallinity of the pre- S
cipitate hydrothermal processing is necessary or s 1£3 001 01
not, for example in the case of titanium dioxide particle size [um]

a newly developed low pressure synthesis
(refluxing method) has been developed. Due to
the high tendency of TiO, to crystallize even at
lower temperature from solutions, almost no
differences between the refluxing and the
hydrothermal route can be seen as shown in
Fig. 9 and 10.

In summary it is to say that utilizing these
approaches, redispersable and agglomerate free
nanoparticles with appropriate surface modifi-
cation can be obtained.

3 Processing and Materials Fabrication

One of the most important facts for material
fabrication is the “agglomerate-free” processing

ticle distribution

Fig. 9 TEM-micrograph of nano-anatase particles produced by the reflux route and par-

particle size [pm]
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Fig. 10 TEM-micrograph of nano-anatase particles produced
by the hydrothermal route and particle distribution
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Fig. 11 (left)
Particle size distri-
bution of unmodi-
fied and modified
TiN

Fig. 12 (right)
Relative density of
TiN depending on
sintering tempera-
ture and sintering
atmosphere

Fig. 14

Pore size distributi-
on and sintering
behavior of a green
body made from

9 nm zirconia

32

Fig. 13 Linear shrinkage and grain size of TiN depending on
sintering temperature

good chance to arrange them closely enough to
obtain sufficient green density.

It is well understandable from this considera-
tion that small molecule surface modification is
indispensable in order to obtain a sufficiently
high ceramic “volume fraction”. A too high sur-
face modifier volume, due to the use of poly-
meric or oligomeric surface modifiers as used in
standard fabrication of ceramic slips with sub-
micron particles prevents high solid content
systems in the nanosized regime.
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£ 10 .| 1% | dispersed suspensions can be realized reaching
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0200”200 C‘(“O bc'to 1{8;‘?} LURELL sintered pressureless to almost theoretical den-
mperature |- & .
| crpere | sity at temperatures below 1400°C (Fig. 12).

This clearly indicates the great potential of
nanoprocessing because it is possible to keep the
grain size on the nanoscale for sintering tem-
peratures below 1400°C as shown in Fig. 13.

In the case of zirconia, sintering experiments
show, that the sintering temperature of
nanoparticulate green bodies can be remarkably
reduced. In Fig. 14 the pore size distribution of
a cold isostatic pressed zirconia green body and
the sintering curve are shown. The particle size
is around 9 nm and the surface modifier is tri-
oxadecanic acid.
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Fig. 16 Sintered microstructure of a green body with 9 nm
particles

b

As one can clearly see there is a mono modal
pore size distribution with a maximum at
3,5 nm. This leads to a sintering curve (also
shown in Fig. 14), where full density is achieved
at around 1130...1180°C. This is just below the
phase transition temperature from monoclinic
to tetragonal zirconia. Therefore the monoclin-
ic phase is obtained without defect structure due
to the phase change. In Fig. 15 an optimized
process, based on this powders is shown where
the sintering temperature is even lower —around
1000°C - and the micro structure shows a green
size below 100 nm and a sinter density of 99 %.
This clearly shows the advantages which can be
achieved in sintering temperatures by using
nanoparticles with homogeneous green struc-
ture. As result from surface modification anoth-
er nanostructured sintered body is shown in
Fig. 16.

Similar results have been obtained with corun-
dum with particle sizes of 50 nm as shown in
Fig. 17. With 1,5 % magnesia as sinter additive
the full density can be obtained at around
1200°C.

High green densities up to 60 % have also been
reached by electrophoretic deposition (Fig. 18).
These systems can be sintered to completely
densified bodies at temperatures of around
1000°C or even less.

Another technology to be developed has been
the fabrication of ceramic membranes by lami-
nation technique. Through tape casting
(Fig. 19) tapes with organic binders using nano

. Without MgO
-15 e 1,5 % MgO \ N

l
0 300 600 900 1200 1500

Fig. 17 Sintering of 50 nm corundum powder; CIP at 800 MPa
for 1 min

Fig. 19 (bottom)
Fabrication of

’ ceramic membra-
Flg 18 SEM- mlcrograph of a sintered nano zirconia body nes by the lamina-
obtained by electrophoretic deposition tion technique

polymer supported green foil
from 6 nm ZrO,

UF filtration element

pore size: 10 — 30nm
porosity: 50 %

seseesere

alumina substrate with |
2 um pore diameter
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Fig. 21

Ceramic joining
with tapes based
on nanoparticles

Fig. 23

Data of the injec-
tion moulding pro-
cess using nano zir-
conia

54

AC-1 + 2D 3, 1808 C

Material Particle diameter Joining temperature
gy [NM] [°C]

70O, 94 1200 - 1300

ZrO, (INM) 28 1000 - 1100

ALO, 400 1400 - 1550

SiC 500 2150 - 2200

Mixing of components by kneading (120°C,30 min)

Homogenising with high shear rates in a kneader and subse-

quent granulating

Injection moulding with pressures below 60 MPa at T<135°C

Solvent debinding
Sintering (n-Zr0O,: 1100°C, 1 h)

Parameters

INM

State of the art

T|Cl 83 - 130 160 - 220
P [MPa] 30- 60 60 - 120
Mould REEEN] 30~ 140

temperature

separation layer - thickness pore size pore volume
composition [um] (nm) (%]
ALLO, 5-50 70-100 45-50
ALOSSIC 10250 50- 100 3540
comZr0, | 1-30 30-50 54-58
INMZEO, | 1-10 4-7 50
Fig. 20 Data of supported ceramic membranes fabricated by 100 50
the nanoparticle lamination technique
Fabrication of very thin ceramic foils (several tm) a0 L 40
e low sintering temperatures
e complex geometries by cutting and punching = N
o - - . S, 60 30 o
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Fig. 22 Pore size distribution of an electrophoretically deposi-
ted green body of unstabilized zirconia

zirconia could be prepared on supporting poly-
meric foils [12]. By laminating the ceramic tapes
on top of a ceramic substrate the membranes
can be sintered with pore sizes down to the
nano meter range.

Fig. 20 shows the basic principle. Surface modi-
fied nano zirconia has been dispersed in an
organic binder solution and cast on a plastic
foil. After drying the flexible tape has been lam-
inated on porous ceramic supports, as shown in
Fig. 20.

The Fig. shows the separation layer on top of a
porous substrate. Various systems have been
used as seen in the Tab. in Fig. 21. The results
show, that high porosities in the range of
40...50 Vol.-% and pore sizes down to 4 nm can
be obtained. The membranes are extremely flat,
because the laminating foil equilibrates the
roughness of the porous substrate surface.
Another technology, which makes use of the
low sintering temperatures is the principle of
ceramic foil joining as it is shown in Fig. 22. Var-
ious foils have been prepared, which is shown in
the Tab. in Fig. 21. Depending on the grain size
of the used zirconia, different sintering temper-
atures have been obtained. Fig. 22 also shows a
10 um nano zirconia tape joining two alumina
parts.

It already has been mentioned that the size is
the crucial point for obtaining low sintering
temperatures. In Fig. 22 an electrophoretical
deposited zirconia is to be seen which also
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shows a very interesting pore size distribution
with a maximum of about 0,5 nm. With this
technique 60 % green density have been
obtained.

For the fabrication of ceramic micro parts
micrometer powders in general are not suitable
due to the large grain size achieved during sin-
tering and inhomogeneous and defects pro-
duced in connection with this. Using nanopar-
ticles however, the transport mechanisms
through thermal debinding become very slow
due to the extremely small poor size. So the
danger of building up pressure in the part caus-
ing defects is very high.

For this reason a specific binder system has been
developed for solvent debinding, which consists
of a small fraction of an insoluble polymer for
providing sufficient green density and solvent
extractable binders for a “soft” debinding. In
Fig. 23 the results including description of the
process and the processing parameters as well as
a moulded gear wheel are shown.

Film patterns of ceramic materials applied by
screen printing are important in the field of elec-
tronics and sensor applications. Utilizing this
technology in combination with nanoparticles
offers the possibility to produce patterns char-
acterised by very fine line widths and thickness-
es in the lower micrometer range at low sinter-
ing temperatures. Especially in the case of sen-
sor applications the high specific surface area of
these particles permits an increase of sensitivity
and time of response.

Fig. 24 shows the basic principle and an exam-
ple of a coated sensor. Pastes basing on surface
modified nanoparticles dispersed in an organic
binder solution are forced through stencil
screens onto the substrates using squeegees.
Multi layer structures are producible with high
reproducibility without firing after each appli-
cation step in high precision and small dimen-
sions.

Using this technology, defect free small parts
down to the micrometer range will be possible.
Colloidal chemistry in connection with ceram-
ic technologies also can be used for the fabrica-
tion of high grade ceramic powders. It is a well
known problem, that the homogeneity of
ceramic powders, especially if dopants or sinter
additives have been used in small fractions,
showing different chemical or physical proper-
ties (for example large differences in density),
lead to inhomogeneity by segregation effects as
a consequence to an inhomogeneous distribu-
tion of dopant or additives in the green body.
This, in general, leads to the deformation by
tensions and it is very difficult to produce exact-
ly dimensioned parts, especially if large parts are
taken into consideration. For this reason, the
technology for immobilizing dopants and addi-
tives by colloidal techniques on top of ceramic

e structurable ceramic layers
* high reproducibility

* high precision in small dimensions

stencil screen

£ squeegee

paste

powders has been developed as shown else-
where [13]. Using carbon black on the top of SiC
is an easy process for the fabrication of high
grade large parts, for example such as burners or
other parts as shown in Fig. 25.

Using this approach, very fine grained SiC can
be processed to parts. Due to the homogeneous
distribution of the carbon black, the SiO, con-
tent in the grain boundary could be reduced to
a level that doping with nitrogen does not lead
to a loss of nitrogen even at high temperatures
and the conductivity based on the nitrogen
doping does not change by time. This has been
used for the fabrication of high performance
igniters.

In addition nanoscaled particles in combination
with hydrolysable silanes can be used as porous

Fig. 24
Fabrication of
ceramic patterns
by screen printing
and sensor with
ceramic coating

Fig. 25

SiC parts utilizing
colloidal chemistry
route for homoge-
neous distribution
of the carbon
black on SiC

Fig. 26

Oxidation catalyst
coating contain-
ing a mixture of
different particles
and a sol-gel-bin-
der after thermal
treatment at
400°C
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binder systems with good mechanical proper-
ties and high specific surfaces (50...500 m?2/g)
caused by micro pores (< 2 nm). The pore size
distribution can be tailored by thermal treat-
ment and the choice of silanes.

These binder systems allow the manufacturing
of catalytically active materials, e.g. coatings
with non-specific oxidation catalysts for the
degradation of volatile organic components
(VOC) at temperatures above 250°C on various
substrates (glass, ceramics, metals) by standard
techniques like spraying, dipping and flow coat-
ing. Porous layers with good adhesion and high
catalytic activity are obtained after thermal cur-
ing. The choice of the active components (e.g.
mixtures of transition metal oxides) enables the
adjustment of activity and selectivity for the
respective process. Fig. 26 shows a SEM-micro-
graph of a catalytic coating after thermal treat-
ment at 400°C.

4 Compounds

Nanoparticulate ceramic systems also have a

great potential for the fabrication of polymer
matrix nanocomposites. These composites are
defined by the ceramic particle to polymer
matrix interface which forms a new interfacial
face. As experiments have shown [14], the effect
only is remarkable if the particle size of the
ceramic nanoparticles is in the lower nanometer
range at around 10 nm. Then, however, the stor-
age modules and the Tg can be changed remark-
ably. For example in PMMA the Tg can be
increased from 110 to 140°C. Other parameters
to be influenced are the abrasion resistance of
the polymer, while remaining transparent, but
also the gas diffusion. These composites can be
obtained by mould compounding, using surface
modified nanoparticles which provide a com-
patibility to the polymer matrix.

5 Conclusion

The use of ceramic nanoparticles is at its infan-
cy. The drawbacks are still the high costs of the

nanoparticles. For this reason, the fabrication
technologies have to be improved, but the cru-
cial point is the aggregation governed by the
surface chemistry. The surface chemistry utiliz-
ing known chemistry and inorganic colloidal
principles are the basis for a appropriate pro-
cessing, however if this is carried out, interest-
ing new processing routes can be developed for
ceramics, ceramic coatings, but also for com-
pound technologies.
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