
Foreword 

The seventh conference of the European Ceramic Society (7th ECerS) took place 
between September 9-13, 2001 in the Bruges Oud Sint Jan Congrescentrum, Belgium. 

This event continued the tradition of previous meetings held in Maastricht (1989), Augsburg 
( 1991 ), Madrid (1993), Riccione (1995), Versailles ( 1997) and Brighton ( 1999). 

About 650 papers were submitted by scientists coming from SO different countries 
among which almost 530 are printed in these proceedings. 

The printed contributions were restricted to four pages extended abstracts for both oral 
and poster and to six pages for the keynote and invited lectures. This volunteer limit was 
imposed to encourage the authors to present longer and more detailed version of their work in 
reputable teamed journals in the field, especially the Journal of the European Ceramic 
Society, with which ECerS is closely associated. 

The conference programme was structured in a forn,at of four parallel sessions each 
day, a part of the Tuesday morning being reserved to the Stuijts lecture presented by 
Professor Philippe Boch (Ecole Superieure de Physique et de Chimie lndustrielles - Paris) 
and to the International Prize addressed to Professor Masahiro Yoshimura (Tokyo Institute of 
Technology). 

The three volumes of the conference proceedings have been structured to include the 
content of the papers presented on the IS different topics selected by the scientific programme 
committee members. As usual, Electroceramics (M2), Shaping (P2), Engineering ceramics 
and composites (03) and Characterisation {GI) were the most popular sessions representing 
50% of the contributions; with Ceramic powders (Pl) and Refractories-traditional (M4), 70% 
of papers are included within six topics. 

A special attention was addressed to students through an Education session organised 
by Professor Omer Van der Biest (KULeuven), President of the Education Committee of 
ECerS, on Sunday 8, 2001 and through two contests, one dedicated to oral presentations 
(I student candidate per country member of ECerS), the other to posters. 

Our thanks go especially to the four female editors of these proceedings: V. Lardot, 
D. Libert, C. Kermel and l. Urbain who devoted considerable time and effort to planning the 
conference, checking each document and keeping the authors in close contact with the 
organising committee. 

We are also most grateful to the different companies and Authorities who sponsored the 
conference. They allowed us to offer reduced fees to students, invite young researchers to 
compete in the speech contest and welcome invited lecturers. 

I should also mention Professor P.-H. Duvigneaud's action (ULB - Brussels), President 
of the European Ceramic Society, which allowed to give life to such an ambitious project. 

A positive consequence of this meeting was also the gathering of Belgian and North of 
France scientists who fom1ed the scientific programme committee of this meeting. We have to 
thank them for the time they spent to make the 7th ECerS Conference a success. 

Dr. Francis Cambier 
Organising Committee 

Belgian Ceramic Research Centre 
Mons - Belgium 

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications Ltd, www.scientific.net. (#0-25/05/23,17:34:14)
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Abstract. Ceramics and cements are granular materials where microstructurc engineering is 
required for optimizing properties. Since the oldest ages, cements and ceramics have engaged 
competition and cooperation. Novel cementitious materials put a new perspective on strnctural, 
thermal, and functional applications. 

Natural rocks and man-made rocks 
Ceramics, glasses and cements are similar to mineral and rocks. The former materials may be 
considered as "man-made rocks" and, moreover, most of them are processed using natural rocks as 
raw materials - for instance silicateous ceramics are made by shaping and co-firing mixtures of 
clays, silica sand, and feldspars. Mother Nature has two advantages over the ceramist, however, 
since She can play with immense times and considerable pressures. 

Ceramics, glasses and cements are generally processed by consolidating non-cohesive powders 
("P") to cohesive and rigid solids. We have to form ("F") the material to give it the shape we want 
and we need high temperatures ("T") to accelerate the kinetics. The sequence of events is different 
for the three sorts of materials: 
a) ceramics: ''P"• "F" • "T", with consolidation by high-temperature sintering; 
b) glasses: "P" • "T" • "F", with consolidation by cooling from the molten state; 
c) hydrated cements: "T" • "P" • "F", with consolidation at ordinary temperature thanks to 
reactions between water and clinker phases. 
The reason that should urge ceramists and cement people to cooperate is that both ceramics and 
cementitious materials continue to be granular materials, whose properties are controlled by 
microstructure (grain size or porosity). In contrast, most glassy products have lost their granular 
heritage, and examples are rare where microstructure plays a prominent role. Ceramics (with or 
without glassy components) form one side of the medal and cementitious materials the other side, 
with common sensitivity to granular effects and microstructure features. 

Clay-based ceramics and lime-based cements 

The oldest clay-based ceramics were found in Dolni Yestonice (Czech Republic), dated to - 26000 
B.C. [ I]. Our ancestors also used sun-dried clays, in particular for making bricks. Burned bricks 
first appeared about 3000 B.C. in the Indus River Valley, then in the Middle East where the Bible 
(Genesis 11: 1-4) mentions building the Babel Tower: 

And they said to one another, "come let us make bricks and bum them 
thoroughly". And they had brick for stone and bitumen for mortar. 

To bond bricks together, indeed, the ancients used bitwnen or primitive cements: antique walls are 
the first example of cooperation between ceramics and cements. 
Clay-based ceramics i1wolve aluminum silicates, with compositions in the pseudo-ternary diagram 
SiO2-A'2O3-MxOy (where M is usually Na, K, Ca, Mg, or Fe). Lime cements mainly involve 
calcium silicates, with compositions located in the quaternary diagram CaO-SiO2-AhO3-Fe2O3. 

Gypsum plaster is CaSO4- I /2H2O. Making quicklime by firing calcareous rocks (limestone) 
requires temperatures over 900°C, which means early pottery kilns could have been used as lime 
kilns as well. Limestone is mainly made of calcium carbonate (CaCO3), quicklime is CaO and slake 
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lime is Ca(OH)i. Antique lime plaster was a mixture of lime with sand, clays and water. Hardening 
was caused by reaction with atmospheric CO2 to reform CaCO3: lime plaster is an aerial binder, 
whereas modem cement is an hydraulic binder. In Egypt, gypsum cement was used more than lime 
cement, perhaps because the calcination of gypsum is conducted at a much lower temperature than 
the calcination of limestone and, therefore, needs much less fuel - in a country where trees are 
scarce. 

From lime cement to Portland cement 
The island of Santorin might be the place where the Greek discovered that volcanic ashes, which 
are silica-rich, fine grain materials, can react with slake lime to form hydrated calcium silicates (C
S-H, using the cement notation where C = CaO, S = SiO2, A= A)iO3, F = Fe2O3, and H = H2O). 
The C-S-H is the "glue" that gives cement cohesion. About 300 B.C., the Greek invention was 
transferred to the Roman culture and around 150 B.C. lime and pozzolana were used in Roman 
mortar. "Pozzolana" comes from Pozzuoli , in the Vesuvius area. Natural pozzolana is a fine 
volcanic earth. Then, it was recognized that concrete, made of aggregates (sand and gravel) bonded 
with cement, is a remarkable material for making constructions. The Roman Pantheon, built some 
18 centuries ago, is "the triumph of concrete" [2). This building is cylindrically shaped and capped 
with a huge(~ 50 m in diameter) dome. Since the tensile strength of concrete is much lower than its 
compressive strength, modern structures are reinforced with steel bars, placed in such a way that the 
steel is in tension while the concrete is in compression. But the Pantheon illustrates the mastery of 
Roman architects, who had been able to build a very large concrete structure without metallic 
reinforcement, by designing an intricate shape. There are many examples of Roman mastery, which 
explains that the books written by Vitruvius at the time of Emperor Augustus (63 B.C.-14 A.O.) 
were still reference books in the beginning of the XIX century! 
ln 1756, the British engineer Smeaton re-built the Eddystone Lighthouse, near Plymouth, by using a 
concrete admixture whose gray color was similar to that of Portland rocks, hence the name of 
"Portland cement". 1n 181 7, the French engineer Vicat elucidated the cause of hardening in 
"hydraulic lime", where the presence of silica impurities allows the development of the C-S-H by 
"pozzolanic reaction". 1n 1824, the British engineer Aspdin took a patent for a material that was 
produced by firing a synthetic mixture of limestone and clay. Finally, the French scientist Le 
Chatelier discovered (around 1880) that hydration of cement develops through a mechanism of 
dissolution-reprecipitation. ln modem Portland clinker, which is fired at - 1450°C, the main phases 
are alite (C3S), belite (C2S), tri-calcium aluminate (C3A), and ferrite(~ C4AF) [3]. Cement is made 
by mixing the ground clinker with auxiliary components, in particular gypsum. Hydration leads to 
crystallized portlandite (CH in cement notation) and poorly organized C-S-H. 

Increase packing and decrease porosity 
Concrete is used for structural applications where high mechanical properties are the first 
requirement. As in ceramics, mechanical properties are sensitive to microstructure. The concrete 
microstructure comprises three main components, namely i) aggregates, ii) binding component, 
and iii) porosity. The aggregates do not evolve very much with time (although certain types of 
silicateous rocks are affected by "alkali-silica reaction"), whereas the binding phase and porosity 
experience continuous changes when hydration proceeds. !J1 civil engineering, the main parameter 
is compressive strength after 28 days of cure (crc), but the strength continues to evolve over years. 
The grain-size distribution of aggregate is a key parameter to control packing efficiency. From this 
point of view, the cement practice is easier than the ceramic practice, since the aggregate does not 
experience grain growth, contrary to what occurs during ceramic sintering: in concrete, the grain
size distribution of aggregate does not change very much with time. Porosity is a key parameter too, 
but this time the cement practice is difficult, since there is a problem for optimizing the 
water/cement (w/c) ratio. The value of w/c that is required to fulfill the hydration reaction is lower 
than the value that allows favorable rheological properties for casting: not enough water means bad 
rheology, hence heterogeneity and packing defects, but too much water means residual water, hence 
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porosity. For a cement paste, w/c is typically 0.3-0.6. The w/c ratio that is required by the cement 
hydration is not precisely known, since the water content of the C-S-H can vary. For nearly 
saturated C3S paste (C3S being the most important constituent of ordinary Portland cement clinkers, 
where it constitutes 50-70%), the C-S-H is approximately l.7CaO-SiO2-4H2O. Talcing account the 
water present in the CH, this corresponds to w/c ~ 0.42. 
Another problem arises in certain cements where there are phase changes. The best example is that 
of aluminous cement, used for refractory applications, where the "conversion" of CAH10 to C2AHs 
+ AH3 [ 4) leads to an increase in porosity, which causes strength loss. More generally, the cement 
practice must take into account the temperat11res of placement and cures, with conditions which 
vary from polar to tropical countries, with final temperatures largely above I 00°C in special 
applications: oilwell cementing, nuclear waste deposits, and refractory linings. 
Ordinary concretes (OC) have compressive strength below 40 MPa, whereas high-performance 
concretes (HPC) have crc ~ 60 MPa. The highest performances we can reach are presently offered 
by "reactive powder concretes" (RPC) (5), now registered as Duc1al®. In RPC, the improvement of 
rnicrostructure is obtained by eliminating coarse aggregates and increasing packing by carefully 
selecting the grain size of the different powders (cement, silica fume and quartz flour). The decrease 
in porosity is obtained by using very low w/c ratios: in OC, w/c is ~ 0.5, whereas it is ~ 0.25 in HPC 
and ~ 0.1 only in RPC, where part of the cement remains in a non-hydrated state. Confining or 
pressing the concrete before and after setting eliminate entrapped air and reduce the effect of the 
chemical contraction which accompanies hydration reactions. The increase in atomic bonds is 
obtained by pozzolanic reaction between CH and silica fume and by curing at elevated temperatures 
to transfonn the C-S-H to better crystallized phases. Finally, one can increase toughness and obtain 
a quasi-ductile behavior by incorporating short steel fibers. The best RPCs have compressive 
strength ~ 800 MPa and bending strength ~ 150 MP a, with density around 2.45 g.cm·3, which is one 
third only of that of steel. Finally, it must be pointed out that those improvements would have not 
been possible in absence of superplasticizer additives: ceramics and concretes are granular materials 
that need deflocculation in the green state. 

How to improve the glue ? 
The very mechanisms that are responsible for the cohesion o f Portland cement are still a mystery. 
As previously said, the two main components in hydrated cement paste are crystallized portlandite 
(CH) and poorly organized calcium silicate (C-S-H). The early explanation for cement hardening 
was crystal intergrowth, hence cohesion by a "mortise-and-tenon joint". But the crystallized 
portlandite does not play any significant ro le in cohesion. rt is the "C-S-H gel" that acts as a glue. 
Although we use the singular ("C-S-H"), the plural ("C-S-Hs") should be better since "C-S-H" 
stands for a family with wide changes in stoichiometry, structure and morphology. Since the C-S-H 
is poorly organized, X-ray diffraction is not very helpful for studying the material. During the last 
decade, however, the science of C-S-H has been vastly improved thanks to solid-state magic-angle 
spinning nuclear magnetic resonance (MAS-NMR), synchrotron X-ray absorption spectroscopy 
(XAS), and high-resolution transmission microscopy (HR-TEM). Combined with surface area and 
porosimetry measurement, those techniques allow a three-scale description: 

a) At macroscopic scale, the C-S-H fonns a gel with high surface area (> 150 ni2-g·\ The 
morphology depends on fonnation conditions. 1t is fibrous and alveolar in the C-S-H fonned 
during early stage of hydration on the surface of anhydrous grains and bulky in the C-S-H formed 
later, in which case the reaction front is associated with precipitation of C-S-H "blocks". 
b) At nanoscopic scale, the gel is composed of nanocrystallites (< 50 nm) whose stoichiometry 
varies from a crystal to another one. The mean value of the Ca/Si ratio is around 1.7. 
c) At microscopic scale, the C-S-H has a layered structure (Fig. 1), which can be seen as deriving 
from mineral tobennorite (Cll4+xSi6O14+2x(OH)4.2x(H2Oh, with O $ x $ 2). There are chains of 
silicon tetrahedra, whose length varies with the Ca/Si ratio, separated by Ca-O planes. NMR (6J 
allows the distinction between end-chain tetrahedra ("Q1 sites") and middle-chain tetrahedra ("Q 
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sites"), which shows the mean length of chains is :,; 3 in the C-S-H where Ca/Si > 1.5 and tends 
toward an infinite value (which meets the case of tobermorite) in the C-S-H where Ca/Si < 0.7. In 
contrast with this variability, Ca-edge EXAFS studies [7) have shown that the calcium organization 
within the principal plane does not vary very much when the Ca/Si ratio varies. IJ1teresting to note: 
the more we study the structure of C-S-H, the more we discover it exhibits close s imilarities with 
that of clays - the main raw materials for ceramics! 
It is currently recognized that the main progress with understanding cement cohesion will come 
from a better view of how the C-S-H crystallites pack together. When we say that the C-S-H forms 
the glue of hardened cement, we say that the material is composed of "building bricks" made of 
packed C-S-H units. The relevant scale is the nanoscopic scale. The classical Feldman-Sereda 
model [8) has been recently modified by Jennings [9] to clarify the intriguing fact that porosimetry 
data lead to wide discrepancies, depending on which method of measurement is used. Intrusive 

methods (e.g. nitrogen sorption) give specific surface area below 200 m2-g-1
, whereas non-intrusive 

methods (e.g. NMR or small angle neutron or X-ray scattering) give much higher values (up to 

1000 m2-g-1
). Jenning's model is of units of C-S-H (approximately 2 nm across with a surface area 

of - 1000 nl -g-1
) that flocculate and pack to form larger units with two possible configurations, one 

with low density and the other with high-density. Finally, these units pack together to form the 
microstrncture of C-S-H. This phenomenological model does not contradict experimental 
observation, but it remains to understand the nature of the forces that a llow cohesion. [n the past, 
the properties of cementitious materials have been improved by increasing the packing of aggregate 
and decreasing macro-porosity. We have now to improve the glue itself, by increasing the cohesion 
and packing ofC-S-H "building bricks". 

Refractory castables: from LCC to ZCC 
The market of "monolithics' ' is now equal to that of shaped refractories. Castables made of 
refractory aggregates bonded with calcium aluminate cement ("CAC") are placed using a 
cementitious route, then "ceramized" by heat treatment. 
Non-destructive, in situ measurement of Young's modulus (E) can be used [ I OJ for studying the 
influence of heat treatment and the role of additives on the castable behavior. Fig. 2 shows changes 
in E for two castables whose main composition was 12 wt% CC (56 wt% CA, 38 wt% CA2, and 
6 wt% A), 37.5 wt% reactive a lumina, and 50 wt% tabular alumina. "Cl2.5" is silica free, whereas 
"C l 2 .5S I" contains I wt% of s ilica fume. Experiments were conducted using a laboratory-made 
ultrasonic apparatus working from room temperature to I 600°C. 
On heating, E progressively decreases, s ince hydrates begin to decompose, then there is a sudden 
drop, caused by the "conversion" of metastable hydrates [7], then an increase, associated with the 
formation of more stable hydrates. At higher temperatures, the hydrate decomposition proceeds 
again and E decreases down to a plateau where it remains with a low value, since the hydrates were • 
now decomposed but the temperature was not high enough to allow "ceramization" and sintering. 
At T > 900°C, ceran1ization develops, which results in a sharp increase in E. The binary system C
A exhibits high me lting points: CA melts at I 590°C, CA2 melts at ~ 1775°C, CA6 melts at 
- 1830°C, and A melts at - 2045°C. ln industrial practice, however, castables can involve the 
ternary system C-A-S, which contains low-temperature ( I 300-1400°C) eutectic compositions. This 
is seen by compa1ing C l2.S with C l 2.5S I: addition of I % silica fume results in a dramatic 
decrease in Eat ~ I 350°C, which is caused by partial melting. 
How to improve perfonnances of CAC? As for Portland concretes, we have to increase packing and 
decrease porosity and to improve the glue. The answer to the fi rst problem is known: to work with 
an optimized grain-size distribution (coarse aggregates mixed with medium-size grains to fill the 
largest interstices and ultra-fine particles to fi ll the smallest interstices), to use a low water/solid 
ratio, and to add superplasticizer. The difficulty here is that fume silica is the best material to add as 
ultra-fine component, with the drawback that it leads to low-temperature eutectics in the ternary 
system C-A-S. The only way is to decrease the calcium content, that is the cement content. Thus, 
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the castables have moved from high-cement to low-cement castables ("LCC"), then to ultra-low
cement castables ("ULCC"). The last stage of this tragic (for cement lovers) story is the current 
development of zero-cement castables ("ZLCC") [11,12), where the calcium-based cement is 
replaced by ultra-fine mixtures of silica, alumina, and organjcs. The green properties are rather 
poor, but sufficient to allow placement, and the high-temperatures properties are very good, thanks 
to the formation of mullite. Maybe those materials are the revenge of the ceramic on the cement1 

Fig. I 
HR-TEM shows the layered structureofC-S-H 

(Courtesy ofCRMD, Orleans). 

Cements for waste management 
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Fig. 2 
Young's modulus vs. temperature 

forcastables Cl2.5 (silica free) and Cl2.5SI 
(1% of silica fume) [ 10). 

Portland cements are mainly used in civil engineering and high-alumina cements have applications 
in refractories, but there are other cements and other applications. For instance, phosphate-based 
cements have potential as bio-materials and cementitious materials open new perspective on waste 
(in particular radioactive waste) management. 
France processes hjgh-activity radioactive waste by vitrification. For low- and medium-activity 
waste, the short-life products do not involve long-term problems, whereas the management of long
life waste is still an open question. The two main options are storage in surface site in sealed 
containers or burying in deep deposits. In both cases, concrete can be used for making walls, for 
encapsulating radioactive debris, or for trapping pollutants (13). 
We have developed [14, 15] a two-stage procedure where i) a contaminated solution reacts with an 
anhydrous cement, then ii) the consolidated cement is cerarnized toward a stable ceramic material. 
One can take the example of cesium. Cesium is a dangerous pollutant, since it is present in rather 
large quantities in nuclear waste, very soluble, and volatile at low temperatures. After reaction of a 
Cs-contaimng water solution with an adapted cementitious composition the cesium is 
"immobilized" (weak bonding) within a zeolitic phase, similar to chabazite. Then, high temperature 
treatment allows ceramization, with consequence that the cesium is now ''trapped" (tight bonding) 
within pollucite (CsA1Si2O6), which is a stable cesium ore. In the just-hydrated state, cesium is still 
leachable, although the retention is not so bad. After treatment at intem1ediate temperatures, the 
retention is poor, which is due to the fact that the cementitious bonds were broken but the ceramic 
bonds not formed yet. After treatment at 1350°C, finally, pollucite was fonned and, therefore, 
retention is excellent. Ln a different way, we are currently working with "reactive concrete" where 
aggregate is chabazite (Ci1<,[Al 12Si24O72).40H2O), the most efficient zeolite for trapping cesium. 
Another example is given by the case of nickel and cobalt, two elements whose long-life radio
isotopes (59Ni, 63Ni and 60Co) are generated by neutron activation of the metallic structures which 
constitute the nuclear reactor core. The two-stage procedure ("cementation", then "ceramization") 
allows trapping Ni within "niopside", a diopside-like phase of composition CaNiSiiO6, and Co 
within "copside" (CaC0NiSi2O6)-
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Conclusion 

Ceramics and cements constitute two worlds that overlap. For castables and ceramized cement
based materials, the cementitious bonds give sufficient properties to the green state, but tbe fi nal 
products benefit from high-temperature treatments - which means they pay tribute to the ceramic 
procedure. There are cases, however, where treatments at low or medium temperatures greatly 
improve properties. An example is given by RPCs, where a cure at 250°C allows the development 
of tobem10rite and xonotlite, which are well crystallized phases with strong atomic bonds, hence 
high mechanical characteristics. Ceramics are often examples for cements, but cements can also 
pave the way for innovations in the ceramic world. For exan1ple, "chemically bonded ceramics" 
could take advantage from studies on alkali-activated cements [16]. It is clear that ceramists and 
cement people must work together to embellish the medal of granular materials. 

Dedication When I remember Professor Leo Stuijts, I remember a man of vast culture, with 
indefatigable curiosity for all aspects of science. J warmly dedicate this lecture to his memory. 
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1. Introduction: Why soft process is important? [ 1-3] 

xv 

Modem human society has been developed by huge amounts of production, use and waste of 
advanced artificial materials, and by huge consumption of energies and resources. The flow of 
those materials and energies seems to be already saturated or even over saturated on the earth. 
World consumption of energy has already reached to critical sizes: I 0% of total photosynthesis 
energy and 0.1 - 0.5% of total atmospheric (wind, wave, tide, etc.) energy on the earth. Therefore, 
we must eliminate rather than increase those materials and energies flows. Recycling of materials 
(wastes) is possible when we put more energies to the recycling process than the 
production/ fabrication process, but it brings about more thermal contamination. l n order to prevent 
such thermal contamination, we must consider total processing for useful materials from mining and 
up-grading of raw materials, then production/fabrication, lranspo1tation, usage, waste and until 
cycling/recycling of products by environmentally friendly ways. 

2. Thermodynamic Principles of Advanced Materials Processing (1 -31 

Processing of advanced materials generally consists of two steps: ( 1) the synthesis of 
substances (ceramic, metallic, organic) that have a particular chemical composition, a physical state 
including crystal structure, and specific properties; and (2) materials fabrication (i.e., shape-forming 
and shape-fixing by firing/si ntering, pyrolysis, melting, or casting) as shown schematically in 
Figure 1 (right side). ln this regard, it is very difficult to give desired shape, form, and size to 
inorganic materials, owing to their brittleness. Organic materials, such as polymers and plastics or 
metallic materials, can be generally deformed when local stresses (above their yield stresses) are 
applied, but ceramics are susceptible to brittle fracture. The "classical" two-step processing method 
usually 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 deposi tion (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 the consumed energy results in exhaust gas(es) or exhaust heat (entropy). 
Vacuum systems especially seem to put 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 speci fically shaped, sized, reacted, and/or oriented materials, in 
situ, by Soft Solution Processing (SSP), in only one step (see left side of Figure!). 

SSP can be defined as environmentally friendly processing using (aqueous) solutions. It may 
provide results similar to every other process using fluids (such as vapor, gas, and plasma) or 
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beam/vacuum processing, while consuming less total energy than other processing routes. More 
energy is needed to create melts, vapor, gas, or plasma than to fom1 aqueous solutions at the same 
temperature. This can be demonstrated using the example ofBaTi03 (Figure 2), which is one of the 
most important materials for the electronics industry. The driving force (LIG) for the representative 
synthesis (Reactions 1-5) of BaTi03 are 38 kcal/mo!, 727 kcal/mo), 3685 kcal/mo!, 17 kcal/mol, and 
- 14 kcal/mo!, respectively, at room temperature: 

BaO (crystal) + Ti02 (crystal) = BaTi03 (crystal) (I) 
(2) 
(3) 
(4) 
(5) 

Ba (vapor) + Ti (vapor) + 3/202 (gas) = BaTi03 (crystal) 
Ba2

+ (gas)+ Ti4+ (gas) + 302
" (gas) = BaTi03 (crystal) 

Ti02 (crystal) + Ba2+ (aq) + 20 H" (aq) - H20 (aq) = BaTi0 3 (crystal) 
Ba2

+ (aq) + Ti(OH)4 (aq) - H20 {aq) - 2H+ (aq)= BaTi03 (crystal) 

SOit solution processing (SSP) 
lnterlilClal rNC1iooa. 
~rN.et.ct,o-
depolition, elC,. 

__ ,.. __ _ 
--··· Solution 

,---~--, Synthesis 

Muttb1t p 

Resources (solids) 1-----------

F'igurc 1. Schematic diagram of t.he advanced materials 
processrngs and their energy consumptions. 'rhe right. passc.!) 
which have been widely used, consi:;.t of two steps: synthesis 
of powders of substances (having a particular chemical 
composition, a particular physical state including structure, 
and parlicular properties based upon cornposition and 
structure) a nd subsequent fabrication of the nHltcria ls (via 
shape forming a nd shape fixing b firinglsintering, pyrolysis, 
melting, or casting). These passes axe cnviromnentalJy 
Stressing, e nergy consuming, and expensive. An alternative 
processing using gas and/or vacuum can produce shaped 
nrntcrials by a singJ~ ~tcp but it require 111.orc energies than 
conventiomll multi·step one. Soft Solution-Processing (SSP) 
ai ms to fabricate shaped materia ls preferably in a single step 

Ba2• (g) , 1,•· \9) • 30>· (g) 
o-.----"----;:===~:.:.:.:.-;ri 

BaTlO, (c;L 

-4000 

(c): cryslal 
(s): solulion 
(g)· g•• 

3685 

Ba' ·(•) • Ti(OH), (s) + H, O (s) - 2H" (s) 

Pigure 2. Energy diagram for the formation of BaTiO,. Huge 
excess of energy is necessary to create, vapor, gas or ion 
(plasma) from the solid as compared to c reation of aqueous 
solution at the same temperature. This gives the 
the rmodynamic explanation why processing of the advanced 
materials us ing aqueous solution consumes low ene rgy in 
contrast to vapol'lplas ma processing. 

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 so(jd raw materials, whjch are oxide 
or carbonate ores, and this energy must then be released into the environment when solid BaTi03 is 
fonued from these precursors. On the other hand, since the lattice energy of BaO and Ti02 can be 
compensated by the hydration (salvation) energy of Ba2+ and Ti4+ ions, solution processing 
consumes very little energy, if the synthesis activation energy (LIG*), can be overcome. Generally 
speaking, LIG* is inversely proportional to (dG*), where n=2 for the nucleation process. The 
gaseous species are always in high-energy states, thus there is sufficient energy (LIG, LIG*) 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 
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solutions are hydrated (or chelated by some complexing agents), thus they have only a small LlG for 
the reaction, and relatively high activation energies are necessary for the reaction to occur by 
defeating the 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 that 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. 

3. Shape Controlled Particles by Solution Processing 15-131 

Recently, nano-particles have been studied in various methods. Particularly, solution 
processings have been employed to fabricate those of double (multiple) component oxides because 
multiple components would be dissolved as solutes homogeneously in a solution. Chemical 
processings like precipitation, coprecipitation, hydrolysis, pyloysis and/or physical processings like 
evaporation, burning and spraying, might give larger supersaturation to bring about formation of a 
huge numbers of nuclei. Therefore precipitation of nanoparticles from solutions have been rather 
easy task. However, there exist difficulties in controlling of the composition, shape and the 
crystallizing of particles in those methods. Because homogeneously reacted and crystallized 
particles require simultaneous supersaturations, precipitation and crystallization/reaction for 
different components, which are very difficult or almost impossible for multiple components of 
cations. Therefore these wet chemical methods need calcination after precipitation. The 
calcinations can assure reaction and crystallization for multi-components particles but it would 
bring almost sintering of particles (powders), thus grinding(s) after calcinations appears to be 
essential (see Table I) in most wet-chemical processings. 

Table I. Comparison in advanced oxide powder processes modified from Dawson 
(4) 

Solid State Copr('cipita1ion 
Polymeriz ed 

Sol•gcl Hydrothermal 
Rcac.: tio n Com1,1ex 

C oH 
Lo~•· 

M odualc 
mod t.r:alf 

H ig h l-ligh Modcr11t 

Su1c o f 
Commercial 

Comincrcial/ R&D R&D Ocm0tl Slr3lion 
D eve Ion m C'll l dem o nsua tio u 

Compo.sition11I 
Poor Good EAccllc nt 

Good- Good-

Con1rol Exce llen1 excellent 
M or1>hetlogy Poor Modualt M odt;rat<' Morhr:11te Good 

Control 
Powder 

Poor Good Good Good Good 
Rcac1i,'1 1 .. 

Purity(~. ) <99.S >99 .S >99 .9 >99.9 > 99.S 

C alcin:11ion v .. Yrs Ve, v., No 
Sir 1 

M illi11g S 1ep Yes Yrs Vu v .. No 

To improve homogeneity of the compos1t10n, three dimensional net-work forming of 
components (gel forming) before calcinations seems to be important which prevent the separation 
aggregation during pyloriz ing. In this regard, "polymerized complex methods," which have been 
generalized from the Pechini method, have been proposed in our group [12, 13]. Now many of 
crystallized particles (powders) with homogeneous compositions could be fabricated for 
perovskites, photocatalysts, and superconductors [12-14]. 

Another diJection has been investigated to improve cJystallization and reaction of particles 
with multi-components without calcinations and/or tiring. .It is hydrothennal processing where 
those precipitates are activated to react and crystallize in crystalline particles through 
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dissolution/precipitation and/or adsorption/desorption. Well crystallized shaped particles, from 
nano-meter size to centi-meter size, with desired morphologies; polyhedrons, needles, whiskers [ I 0, 
l 1 ], etc. A lot of people are interested in the hydrothermal processing of multi-components oxide 
particles due to their merits described above (Table 1 ). We have published those works on ZrO2 [5], 
CeO2 [7), LaCrO3 [6], Hydroxyapatite [9], YVO4, BaWO4, LiCoO2, LiNiO2, CdS, ZnS [15), etc. 
Electrochemical reactions; anodic dissolution, anodic oxidation, or even discharging, etc., might 
help lo fonn those crystalline particles. We have, therefore, proposed Hydrothermal
Electrochemical Methods for the fabrication of multi-components oxides particles and/or fi lms. 

4. Films of Double Oxides by Solution Processing [16-25] 

Fabrication of double oxide fi lms from solutions in rather easy when the solutions and/or 
derived gels on a substrate can be fired (calcined, pyrolized, sintered) after dried and/or solvent 
removal, thus most of studies have used these procedures like dip/spray coatings, sol-gel methods 
and/or electrophoretic depositions as seen in Fig. I. Those processes have similar problems for 
particles, inhomogeneous reactions and crystallization as described previously. In addition, other 
problems must be considered for fi lms, that is; (I) adhesion of the ti Im to the substrate and (2) 
cracking of the film on the substrate, both of which are caused from shrinkage of materials during 
crystallization upon firing. Thus thicker and denser film have more serious problems in those 
processing. 

Moreover, we must consider (I) why "firing" is required to fabricate double oxide films?, 
(2) how much does it cost both economically and environmentally? One has burned fuels which 
have high chemical potentials to get a high temperature for "firing" ceramic or its precursor 
materials (and its substrate, too), and then wasted exhaust gases and heats into the environment. 
These exhaust gases and heats must be counted as an environmental cost. Use of gaseous 
precursors instead of solution precursors is much more costed as described in the section 2. 

If we can fabricate directly ceramic (i.e. double oxides) films in a solution without fuing, we 
can avoid most of above mentioned problems. Of course it is difficult, more difficult than 
fabrication of ceramic particles because nucleation and growth rates of ceramic compounds must be 
matched with the precipitation rates of the multiple components. Particularly it is difficult that 
reactions must proceed among multiple components to form ceramic compounds without "firing." 
However, it is not impossible that crystalline double oxide fi lms can be fabricated on directly in a 
solution when a chemical driving force existed to fonn and to crystallize the double oxide [ 1-3). 
For exa.n1ple, interfacial reactions between the substrate [A] and the solute [B ] could be activated 
chemically and/or electrochemically to fom1 the compound ABO, in film shape. In 1989 [16), we 
succeeded at the first time to fabricate BaTiO3 thin film on a Ti substrate in a Ba(OH]2 solution at 
~ I 00 °C with electrochemical activation; anodic oxidation/dissolution by 1-10 mA/cm . 

Since then simjlar techniques, called by Hydrothermal Electrochemical Methods, have been 
applied to fabricate a lot of double oxides successfully at low temperature of RT-200°C: SrTiO3 

[ 17], (Sr, Ba)TiO3 [18], SrWO4 [ 19), BaMoO4, (Ba, Sr, Ca)WO4, YVO4[20], LiNiO2 (2 I], LiCoO2 

(22], LiNbO3, BaFeO3, Mfe2O4 (M=Zn, Mg), etc. in our group. The mechanism of formation and 
nano-/micro-structure control have been investigated in detail for SrTiO3 [ 17, 18], Ba Ti 0 3, and 
LiCoO2 [21 , 22). Figure 3 shows the nanostructure of SrTiO3 film prepared by hydrothem,al 
electrochemical method [ 17]. 
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Fi~. J MagrnfiocJ TEM Image of the SrTiO, filmrri substralc m1crfacc 
of1hc SrTiO, film wilh po1entiosta1ic electrolysis a< + S.O V vs. 
Ag/AgCI in 0.SM Sr(OH), Soluuon of pH 14.2 a l I SO'C. Arrows 
111d1cate boundaries ora polycrystalline layer o(Ti ox1dcs whose 
mic-rostruclure is diffcrenl fron, tht columnar one of the overlying. 
inner SrTiO, la)'\'1' 

Fig, 4 LiCo02 films composed ofnano-p()wdcrs fabncatcd on 
PTFE membrane by clec1rochcmically activated 1nterfaciol 
roaclion methods at I mNcm' in 0.1 M CoSO, and SM LiOII 01 

I 20"C for 30 min. 

XIX 

Recently flow-type cells have been developed (a) to control nano-micro- structures: layered or 
graded, (b) to control compositions: doping, solid solution, (c) to minimize heating volume, and (d) 
to realize local activations by some beams like photo (laser)-radiation, electric current, etc. 
[20, 24, 25] 

5. Direct Patterning of Ceramic Films by Solution Processing [25-271 

As a second stage break through in solution processing, we have succeeded to fabricate 
patterned ceramic films directly in/from solution without any tiring. It has been realized by local 
activation in interfacial reactions between solid (reactant/substrate) [A] and solution [BJ or two 
solutions (A&B] with a porous membrane (Fig. 4 [25]). Patterns of BaTiO3/Ti and LiCoO2/Paper 
could be fabricated. Another method using ink-jet reaction could produce CdS and PbS pattern on 
various papers or cloths [26]. Those direct patterning technology for ceramics in/from solution(s) 
without firing should be developed in near future to eliminate the consumption and the waste of 
energies and materials in the production of ceramic materials where high temperature firing and/or 
high energetic processing have generally been used. Moreover low temperature fabrication of 
ceramics without firing may open doors for new materials like hybrids/composiles/lan1inates of 
ceramics/organics, ceramics/bionics, in addition to ceran1ics/semiconductors and ceramics/metals 
that have already been well studied. Industrial (artificial) production of advanced mate1ials like 
ceramics is more effective but cost environmentally in comparison with biological (ecological) 
productions, therefore we must learn from biological systems. Soft Solution Processing is to be a 
good example. 
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