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1. INTRODUCTION
Ceramics can be defined as Inorganic, Non-metallic Materials, which
often are considered to be fired or heat-treated. Not only classical ceramics
like bricks, earthenwares, porcelains, refractories, etc., but also modern
advanced ceramics for mechanical parts, electronics, magnetics, and photonics
devices, etc., have generally been fabricated from powders via shape forming
and sintering. This ceramics processing is rather unique because other
materials; organic materials like plastics, polymers, etc., and metallic materials
like metals and alloys, etc., have generally been fabricated from liquids via
melt-cast, injection, etc. I would like to describe the merit and demerits of
such powder processings, then why we have proposed powder-less processings
for ceramics using solutions first and then melts next.

2. THERMODYNAMIC ASPECTS OF ADVANCED MATERIALS
PROCESSING1-4
Processing of advanced materials generally consists of two steps: (I) the
synthesis of substances (ceramic, metallic, organic) that can be characterized
by (1) a particular chemical composition, (2) a physical state including crystal
structure, and (3) specific properties; and (II) materials fabrication (i.e., shapeforming and shape-fixing by firing/sintering, pyrolysis, melting, or casting) as
shown schematically in Figure 1 (right side). In this regard, it is very difficult to
give desired shape, form, and size to inorganic ceramic materials, owing to
their brittleness. Organic materials, such as polymers and plastics or metallic
materials, can be generally deformed when local stresses are applied over
their yield stresses, but ceramics are susceptible to brittle fracture rather than
plastic deformation. Melt/Cast Processes have not been applied to ceramic
materials except for glasses. Thus most of ceramics have been fabricated via
the two-step processes. The “classical” two-step processing method usually
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FIGURE 1 - Schematic diagram of advanced materials processes showing the flow of
single-step and multi-step processes. Soft Solution Process (SSP) aims to fabricate shaped
materials, preferably in a single step, using solutions.

requires high temperatures and consumes a lot of energy, particularly in the
case of ceramics. More recent processing routes using a gaseous phase [e.g.,
chemical vapor deposition (CVD), metalorganic chemical vapor deposition
(MOCVD), etc.] and physical vapor deposition (PVD) methods in a vacuum
system [e.g., sputtering, molecular-beam epitaxy (MBE), etc.] can produce
shaped material in a single step, but require even higher energy than standard
high-temperature processes. Generally speaking, all of these techniques have
resulted in environmental problems because their consumed energy results
in exhaust gas(es) or exhaust heat (entropy). Vacuum systems especially seem
to put more stresses on the environment because they require continuous
pumping to maintain a vacuum, and their exhaust gas(es) cannot be recycled
due to their diluted large volumes.
However, one can fabricate specifically shaped, sized, reacted, and/or
oriented materials, in situ, by Soft Solution Processing (SSP), in only one step
(see left side of Figure 1). SSP can be defined as environmentally friendly
processing using (aqueous) solutions. It may provide similar results to every
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other processes using fluids (such as vapor, gas, and plasma) or beam/vacuum
processing, while it is consuming less total energy than other processing routes.
More energy is needed to create melts, vapor, gas, or plasma than to form
aqueous solutions at the same temperature. This can be demonstrated using
the example of BaTiO3, which is one of the most important materials for the
electronics industry. The driving force (∆G) for the representative syntheses:
Reactions (1)-(5) of BaTiO3 are 38 kcal/mol, 727 kcal/mol, 3685 kcal/mol, 17
kcal/mol, and –14 kcal/mol, respectively, at 25 °C 4:
BaO (crystal) + TiO2 (crystal) = BaTiO3 (crystal)

(1)

Ba (vapor) + Ti (vapor) + 3/2O2 (gas) = BaTiO3 (crystal)

(2)

Ba2+ (gas) + Ti4+ (gas) + 3O2- (gas) = BaTiO3 (crystal)

(3)

TiO2 (crystal) + Ba2+ (aq) + 2OH- (aq) - H2O (aq) = BaTiO3 (crystal)

(4)

Ba2+ (aq) + Ti(OH)4 (aq) - H2O (aq) - 2H+ (aq)= BaTiO3 (crystal)

(5)

Any processing technique involving the gas/vapor phase requires a huge
amount of energy (727-3685 kcal/mol) to make these gas/vapor precursors
from solid raw materials, which are oxide or carbonate ores, and this energy
must then be released into the environment when solid BaTiO3 is formed
from these precursors. On the other hand, since the lattice energy of BaO
and TiO2 can be compensated by the hydration (solvation) energies of Ba2+
and Ti4+ ions, solution processing consumes very little energy, if activation
energy (∆G*) for the synthesis can be overcome. Generally speaking, ∆G* is
inversely proportional to (∆G-n), where n=2 for a homogeneous nucleation
process. The gaseous species are always in high-energy states, thus there is
sufficient energy (∆G, ∆G*) for the reaction to yield crystalline compounds
with a desired shape/size by means of several steps such as diffusion,
adsorption, reaction, nucleation, and growth. On the other hand, species in
aqueous solutions are hydrated (or chelated by some complexing agents),
thus they are stabilized by the hydration (or chelation) energies and have
only a small ∆G for the reaction. In those cases, relatively high activation
energies are necessary for the reaction to occur by defeating those hydration
(chelation) energies of ions. Electro- or electroless-plating for metals is achieved
by reducing metal ion(s) electrochemically or chemically. However, in the
case of ceramics, anions must be oxidized at the same time when cations are
reduced. Therefore, some particular activation processes, such as electro-,
photo-, sono-, complexo-, organo- or mechano-activation are required to
accelerate the kinetics for synthesizing crystallized single or multi-component
ceramic materials from the solution.
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3. SOFT SOLUTION PROCESSING: DIRECT FABRICATION OF
PATTERNED CERAMICS FILMS IN SOLUTIONS WITHOUT POSTFIRING
The maskless patterning technique of ceramic films is one of the current
frontiers in the material science. In general, practical fabrication way of such
kind of ceramics pattern needs several complicated procedures. This can be
considered the reason that quite distinct processes are used for the synthesis
and patterning of material respectively. For example, to prepare the pattern
by conventional photolithography technique, it required the films that
prepared by chemical vapor deposition (CVD) method combined ultrahigh
vacuum technologies (UHV) or Sol-Gel method using spin coating technique.
Since these methods not only needed complicated procedure but also needed
the high temperature and high vacuum, it is difficult to regard them as
environment-friendly method. It seems that there are three important
directions for patterning technology in a future when environmental intimacy
process is put on the mind. (a) Elimination of the high vacuum process that
involving the difficulty to collect the exhaust toxic gas from vacuum chamber
and also has extremely low efficiency of the raw material. (b) Decreases of
treatments temperature to avoid energy consumption and damages of the
synthesized films. (c) Using “on site fabrication” method to eliminate the film
fabrication, photo resist processes and etching processes.
From this point of view, several alternative patterning methods have
also been demonstrated: Laser direct writing 5, 6, Sol-Gel and Laser patterning 7,
nano-plotter writing 8,9, lift-off patterning 10, micropen patterning 11, photoelectrochemical patterning 12, In situ maskless selective epitaxy 13, Multiphase laminar flow patterning 14, etc. However, those methods still have some problems
that those processes required several fabrication steps or too far from actual
applications.
Recent years, we have proposing Soft Solution Processing (SSP) for
production of advanced materials such as ceramics, semiconductors,
composites etc 1-4. SSP aims, based upon thermodynamic considerations, to
fabricate shaped, sized and controlled advanced materials from aqueous
solutions without excess heat and energy consumption and without using
expensive equipment and precursors, preferably in a single step1-4.
There has been considerable interest in processes where interfacial
reactions, mostly at liquid/solid interfaces, are performed by self-assembling,
templating, and/or selforganizing of species. Such processes are sometimes
referred to as “Bio-mimetic”. However, mimetic products cannot exceed
the original products on which they are based; moreover bio-products are
severely limited in terms of species, substances, and materials. For example,
practically no metallic materials have been produced biologically, and
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FIGURE 2 - Energy vs. performance/variety in bio-processes and artificial processes. Soft
Processing targets the production of high performance materials by environmentally benign
methods.

biomineral species are limited in number to less than one hundred2. Although
a huge range of organic substances can be synthesized, most common
polymers and plastics, like polyethylene, polypropylene, vinyl, PET etc., have
never been produced in bio systems. We, therefore, must learn about bioprocesses, but not be limited by bio-products and/or bio-materials for the
fabrication/production of advanced materials. Therefore, SSP, which should
exceed the limitation of bio-processing and bio-products, might be bio-inspired
but not be bio-mimetic. Figure 2 shows that Soft Processing (Soft Solution
Processing) is the third area of production for advanced materials between
bio-processing and industrial (so-called high technological or artificial)
processing which is mostly used for semiconductors and inorganic materials,
particularly for products with micro- and/or nano-sized features. In those
industrial processing techniques, dry processes, such as CVD and PVD, using
gas or vacuum systems, have been employed where highly energetic species
like molecules, atoms, and/or ions are utilized for the production/fabrication
of films. These dry processes consume huge amounts of energy compared to
multi-step processes based upon solid state reactions and wet processes where
solution precursors have been used as shown in Figure 1. Without using such
highly energetic species as dry process, or such high temperature heating as
multi-step processes, SSP aims to fabricate directly shaped materials1-4.
We have reported the successful fabrication of various thin/thick
crystalline films of double oxides such as BaTiO3, SrTiO3, AMO4 (A=Ba, Sr,
Ca, M=W, Mo), LiMO2 (M=Co, Ni), YVO4, etc., by SSP in aqueous solutions
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at 150 °C or lower temperatures without any post-firing 4, 15-17. In these
experiments, interfacial reactions between a solid reactant (substrate) and
component(s) in a solution have been utilized as illustrated in Figure 3, where
ABOx crystals are formed on the substrate A by the reaction with the species

FIGURE 3 - Concept of direct patterning by localized activation of interfacial reactions.

FIGURE 4 - Comparison of “direct patterning” with “normal mask-less patterning” method
for ceramics.
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B and O from H2O in the solution. These interfacial reactions must be activated,
either chemically, thermally, electrochemically, photo chemically,
sonochemically, mechanochemically, or by some other mechanism.
When we have activated/stimulated those reactions locally and/or
moved the reaction point dynamically, we can get patterned ceramic films
directly in solution without any post heating, masking or etching 16, 17. Those
direct patterning methods differ from previous patterning methods which
consist of multi-step processes, for example: (1) synthesis of particles of
compounds or precursors, (2) dispersion of the particles into a liquid (”ink”),
(3) patterning of the particles on a substrate by printing of the “ink”, (4)
consolidation and/or fixing of the particles’ pattern by heating. For example,
some results for zirconia ceramics and PZT films fabricated by ink-jet printing
have already been reported18, 19. However, in almost all the reports, jet printing
has been used only as a method to give a pattern of solid particles on the
substrate. The substrate with the pattern of solid particles must be fired at a
high temperature to fix, sinter or solidify them. Otherwise, the substrate using
a special binder to fix the solid particles must be fired to remove that binder.
In any case, these techniques are not fabricating a patterned film by reaction,
but fabricating a pattern of particle that requires post-firing (Fig. 4).
The notable feature of “Direct Patterning” is that each reactant reacts
directly on site, at the interface with the substrate. Therefore, the chemical
driving force of the reaction, A+B = AB, can be utilized not only for synthesis
but also for crystallization and/or consolidation of the compound AB. It is
rather contrasting to general patterning methods where thermal driving force
of post-firing is mostly used for the consolidation of the particles. The present
technique has many merits as follows: (1) it needs simple equipment that is
easy to control, (2) the process is therefore very safe and harmless, (3) it allows
“Direct Patterning” without masking, etching or complicated surface
treatments, (4) it needs fewer reactants and lower energy and cost and (5) it is
easy to recover the reactants.
Therefore, our “Direct Patterning” methods should be economically
and environmentally friendly, avoiding excess consumption of energy and
resources, and minimizing emission of waste, for example excess heat and
gaseous by-products like CO2 and H2O.
4. DIRECT PATTERNING OF CdS AND PbS ON PAPER BY INK-JET
REACTIONS 20
Ink jet printing has been widely used for color printing on paper, where
color particles are printed in a pattern. Ceramic particles can be similarly
printed as a pattern on a substrate. However, they must be fired to fix and/or
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FIGURE 5 - XRD patterns of the samples on a paper prepared by ink jet reactions at a
room temperature. (a) Substrate, (b) PbS pattern on paper, (c) PbS powder Synthesized
in solution by ink jet reactions.

FIGURE 6 - (a) Photograph of the PbS pattern on a paper prepared by ink jet reactions at
a room temperature, (b) SEM photograph of the sample (a).

to consolidate the pattern on the substrate as mentioned above. We have
recently developed a new method to fabricate ceramic patterns directly from
solutions by the interfacial in situ reactions between two liquids, using an ink
jet printer.
In the example of PbS, an aqueous solution of Pb(NO3)2 was soaked on
a paper, then a solution of Na2S was ink-jetted as a pattern at a room tempe-
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rature. A pattern of PbS was formed on the paper, which consisted of crystalline
PbS particles as revealed in Figure 5. These particles were less than 100 nm in
size, but well crystallized and well embedded in the fibers of the paper (Fig.
6). Similarly, CdS was formed on paper from CdCl2 and Na2S solutions. This
material consisted of ≈ 30 nm size crystals with a band gap of 2.45 eV. Other
ceramic patterns can be fabricated by similar methods.
5. DIRECT PATTERNING OF LiCoO2 ON POROUS SUBSTRATES BY
ELECTROCHEMICALLY ACTIVATED INTERFACIAL REACTIONS21
Bio-minerals have been synthesized in aqueous solution by ion transfer
reactions through a cell membrane. However, these biological processes can
produce only a limited range of materials like amorphous silica, calcium
carbonate, calcium phosphate, calcium sulfate and iron oxide, but not others
like LiCoO2, BaTiO31-3. We propose electrochemically activated interfacial
reactions for film fabrication by “Artificial Biomineralization” 21, where the
interfacial reactions between solutions separated by membranes are used
with the assistance of electrochemical reactions to fabricate crystallized LiCoO2
films directly on paper at low temperatures (Fig. 7).
A LiCoO2 film can be synthesized by the reaction between Li+ and
CoO2- ions in a solution. CoO2- ions can be produced by chemical or
electrochemical oxidation of HCoO2- or Co2+ ions. Therefore electrochemical
dissolution of a Co anode or electrochemical oxidation of HCoO2- ions near a
carbon anode can give a CoO2- flux to a porous substrate like paper in the
shape of the anode. This can give a LiCoO2 crystalline film in the pattern of

FIGURE 7 - Schematic diagram of electrochemically activated inter facial reaction method.
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FIGURE 8 - (a) Photograph of a patterned LiCoO2 sample prepared electrochemically by
interfacial reaction on paper at 120 ºC, (b) SEM photograph of the same sample.

the anode on the paper (Fig. 8). Typically this consists of plate-like crystals a
few µm in size. However the phases, shapes and sizes of the crystals produced
by this method can be controlled by the flow of solution(s), electrical current,
and/or geometry of electrodes and substrates.
Other direct patterning methods using laser activation or localized
electrochemical activation have been under development in our group. These
are demonstrating that the fabrication of patterned ceramics can be realized
in solutions at low temperatures below 150 °C, or even at room temperature,
without any post-firing, masking and etching, which have been regarded as
essential processing in conventional patterning of ceramics.
6. FABRICATION OF CERAMICS NANO-COMPOSITES THROUGH
MELT SOLIDIFICATION FOR EUTECTIC COMPOSITIONS23-28
As mentioned in chapter 1, most of ceramics have been fabricated
from powders via sintering after shape forming except for glasses. It seems to
be unclear why most of ceramics cannot be fablicated via Melting and Casting.
Most of textbook and literature give a reason which state that most of ceramics
are difficult to melt22. It may be true for nitrides which tend to decompose
before melting. However, other ceramics like Al2O3, mullite, cordierite, etc.,
which melt congruently, also have not been fabricated by melting-casting. It
means the reason “ceramics are difficult to melt” to be not correct. Probably,
the true reason seems to be that Melt-Casted ceramics would crack by stress
accumulation during cooling after solidification. In order to verify it, we are
challenging23-28 to fabricate polycrystalline bulk ceramics by the solidification
of melts. In the pseudo-binary system Al2O3-Y3Al5O12, we could obtain a typical
eutectic structured materials (Fig. 9) for the eutectic composition, 81 mol %
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µm
FIGURE 9 - SEM micrograph of Al2O3-Y3Al5O12 eutectic sample by rapid solidification.

(a) Appearance

(b) Polished sample
(thickness: 1 mm)

FIGURE 10 - Transparent Nano-Composites Ceramics by annealing of amorphous phase
in the HfO2-Al2O3-GdAlO3 system.

Al2O3-19 mol% Y2O3 after the melt-solidification using a Xenon arc imaging
furnace23, 24. In the preudo-ternary system Al2O3-Y2O3-ZrO2, more complicated
microstructures could be observed in the melt-solidified samples25, 26.
During studies in the system HfO2-Al 2O3-Gd 2O3, we have found
transparent samples with amorphous phase (Fig. 10) at around the ternary
eutectic composition around 14 mol% HfO2 63 mol% Al2O3 and 23 mol%
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(a) As prepared

(b) Annealed at 1273 K 6h

FIGURE 11 - TEM image of HfO2-Al2O3-GdAlO3 samples (horizontally, ion milling).

FIGURE 12 - Crystallization of the HfO2-Al2O3-GdAlO3 amorphous (e point) by TG-DTA.

Gd2O3 in the ternary system HfO2-Al2O3-GdAlO327, 28. It was completely
amorphous as prepared, Fig. 1122, but it crystallized around 1240 K after a
glass transformation at around 1166 K as seen in Fig. 12. The TEM observation
indicates 5 nm size cubic Hafnia grains precipitated in an amorphous matrix
Rig. 1123 and Fig. 1328.
Longer annealing for 72 h at 1000 °C would give further precipitation
of Gd3Al5O12 in addition to cubic Hafnia. These samples still had a transparency
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FIGURE 13 - High-resolution TEM Image of HfO2-Al2O3-GdAlO3 (sample annealed at
1273 K for 6 hr).

but lost it after annealing at 1200 °C, where the sample was a nano-composite
of 50-100 nm grains which were characterized as cubic Hafnia and GdAlO3
by XRD. We could make melt-casted amorphous samples with this composition
and other compositions. We are developing those novel melt-cast processing
with appropriate annealing to fabricate bulk ceramics nanocomposites. Those
nano- micro-structured ceramics are interesting for a wide range of
applications in structural and functional ceramics.
7. CONCLUSION
Summarizing the above description, we can draw following conclusions:
1) Most of ceramics have been fabricated from powders (solid) via sintering
due to their intrinsic brittle nature.
2) Many sophisticated processings have been developed in every step; (1)
powder synthesis, (2) shape forming, (3) shape fixing by sintering.
3) These multi-step fabrication would cost senvironmentally and/or
economically.
4) Powder-less processings have been developed recently.
5) Gas/vacuum processing can produce shaped ceramics in a single step,
but it costs much more than powder (solid) processes.
6) Liquid processings should be developed.
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7) Soft (solution) processings are environmentally benign processes like a
bio-inspired one.
8) Interfacial reactions can produce shaped ceramics in a single step.
9) Direct fabrication of ceramic patterns also can be realized in/from solutions.
10) Ceramics fabrication without firing appears to be low cost because of less
exhaust heats and gaseous wastes.
11) Melt processings should be re-investigated to fabricate shaped ceramics
in a single step.
12) To prevent cracking, eutectic melts can be used for amorphous and/or
nano-structured bulk ceramic materials.
13) Appropriate heat treatment may produce desired nano-structured
ceramics,
14) Those nano-structured ceramics should be widely applicable both in
structural and functional areas.
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