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Abstract 

Compared with conventional ceramic processes, the Sol-Gel technology, 

invented at the end of sixties for the preparation of ceramic nuclear fuel, 

seems suitable for obtaining pure and homogeneous ceramic microstructures 

since it allows the synthesis of homogeneous fine grade precursors with a 

deeper control of chemical purity and crystallinity. 

In the frame of some agreements with other Italian Research Institutes, 

ENEA has applied the Sol-Gel technologies to the development of a few 

advanced ceramic materials; some of these particular applications are 

described in this report. 

Riassunto 

In confronto ai processi ceramici tradizionali, la tecnologia Sol-Gel, 

sviluppata alla fine degli anni 60' per la preparazione di combustibile 

nucleare ceramico, appare idonea alla produzione di precursori ceramici 

meglio definiti dal punto di vista microstrutturale in quanto permette un più 

stretto controllo del grado di purezza e di cristallinità. 

Nell'ambito di collaborazioni tecnico-scientifiche con altri Istituti di 

ricerca italiani l'ENEA ha studiato la possibilità di utilizzare la tecnologia 

Sol-Gel per lo sviluppo di materiali ceramici innovativi; alcune di queste 

particolari applicazioni vengono descritte in questo rapporto. 
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1. INTRODUCTION. 

In the last 50 years the development of new sophisticated devices gave a great impulse to 

the research and development of new high-tech materials with suitable properties: 

- high stability at temperatures of 1500°C or higher; 

- excellent electrical properties; 

- excellent mechanical properties, hardness and wear resistance, 

- very good resistance to corrosive environments 

The need for such new performances gave birth to a great interest on ceramics, as replace

ments for most used higi.-performance metals, since they offer the greatest promise of 

considerable improvements. Unfortunately such requested new properties are not typical of 

conventional ceramics, mostly because of their brittleness and poor mechanical properties. 

On the contrary some new ceramic materials made of oxides, nitrides and carbides show 

many of these requested properties: 

- some of them are exceptionally hard (boron nitride and carbide), 

- many have high stability at temperatures of 1500°C or higher; 

- many are very resistant to oxidation and to erosion; 

- usually they are lighter than metals, 

- some have excellent electrical and optical properties. 

Consequently there has been, worldwide, a great development of new classes of ceramic 

materials, so called high technology ceramics, having suitable properties for a wide range of 

possible applications: as cutting tools and bearings, in optical devices, in aircraft and 

spacecraft technology, in burner nozzles, heat exchangers, adiabatic engines, solar cells, 

integrated circuits, capacitors and piezoelectric devices etc [1 ] 

The employment of this new class of ceramic materials, despite their many virtues, was 

nevertheless greatly restricted owing to their structural defects arising from the random 
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microcracks and voids that high-tech ceramics may develop during their manufacturing 

process. 

Therefore one of the biggest effort was devoted to the development of new production 

techniques that could improve the mechanical reliability of these new materials, for instance 

reducing drastically the quantity of impurities, that can segregate at grain boundaries during 

the preparation process, and using pure, uniform and submicronic spherical shaped 

precursors in order to facilitate the manufacturing of strong and dense products 

2. THE SOL-GEL PROCESS. 

Traditional ceramic processes use mixtures of powders produced synthetically or by 

grinding bulk minerals: these precursors are often neither very uniform in size nor very pure 

and homogeneous. 

Compared with conventional ceramic processes, the Sol-Gel process, a chemical technology 

operating in liquid phase invented at the end of sixties for the preparation of ceramic nuclear 

fuel [2] [3], offers a better control of the manufacturing process at microscale since it allows 

the synthesis of homogeneous fine grade precursors with a deeper control of chemical purity 

and crystallinity [4] [5] For these reasons this technology seems suitable for obtaining more 

reproducibly pure and homogeneous microstructures 

The 'sol' term indicates a mixture of solid colloidal particles, dispersed by surface charges in 

liquid media, that can be compacted into a semirigid mass called 'gel', compelling surface 

forces to link the particles [6] 

Roughly speaking, in the Sol-Gel process an aqueous dispersion of metal containing 

particles, with dimensions included between 1 and 100 yi, is converted into solid gelled 

particles, of controlled shape and size, that can be calcined to a dense or porous body or 
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particulate of metal oxide in suitable conditions of atmosphere and temperature [7] By this 

process mixtures of sols or solutions can be used to prepare mixed oxides. 

More recently other Sol-Gel processes were developed, i.e starting from metallorganic 

compounds (in particular metal alkoxides); furthermore Sol-Gel technique has made such 

progress that this previous definition is no more adequate 

Nowadays [8] the peculiar feature of the "Sol-Gel process family" is the achievement of a 

polymeric gelled network, swollen by solvent, that can be formed when the concentration 

and the viscosity of the dispersed phase (sol) increases The solvent trapped in the particles 

structure prevents the gelled structure from collapsing into a compact body and, at same 

time, the polymeric network keeps the liquid from flowing away. 

In the case of oxides and using a well defined composition in which the impurity has been 

carefully controlled, there are two different ways to produce two different classes of gel: 

colloidal, or classical, gels and polymeric gels. 

a) Colloidal gels 

In the case of the classical sol-gel process, used to produce gel-networks of metal 

hydroxides, the first step is the preparation, as starting material, of a colloidal solution of 

metallic salts that is achievable by the removal of anions to allow the formation of 

polynuclear cations and colloidal particles 

This first step is followed by a gelation process which is the result of a hydrolysis reaction 

occurring when the repulsion of similarly charged ions or colloidal particles is weaker than 

forces tending to form a gel-network Practically gelation step can be carried out reducing 

the volume of the sol (by extraction or evaporation of water) or removing (or neutralizing) 

anions, in order to decrease the repulsive forces 

In practice, particularly when there is need to produce fine precursor particulates, the gela

tion process is carried out dispersing a dense solution of metallic salts or a stable dispeision 

of colloidal particles, mainly dropwise through adequate mechanical devices, into a precipi-
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tation agent in which the microspheres produced may form a stable sol that is transformed in 

a suitable gel particulate by a peptization process (absorption or neutralization of particles 

surface electrolytes) 

This technique has been used particularly to produce crystalline ceramic precursors rather 

than glasses 

Sometime colloids formed by precipitation can be peptized and gelled into a semirigid mass, 

without separation from the liquids, just reducing the water content. 

b) Polymeric gels. 

The second class of gels is formed by chemical polymerization of organometaliic com

pounds (i.e alkoxides of Si, B), according to the scheme: 

M(OR)n + n H20 > M(OH)n + n ROH (Hydrolysis) 

M(OH)n > MOn/2 +11/2H2O (Polycondensation) 

where R is an alcoholic group The process of polymerization (or condensation) enables the 

formation of M-O-M bonds accompanied by the production of ROH alcohols 

This process has been used to produce bulk bodies of transparent porous alumina (using, as 

starting material, aluminium isopropoxide [9]) and of silica glasses [10-11] mostly because 

cheap and pure silicon alkoxides easily polymerize to gels 

The same process is also used to prepare multicomponent sol-gel bodies starting from a 

mixture of metal alkoxides, to assure the chemical homogeneity of the gel it is often 

necessary to prevent a faster polymerization of one of the many components, due to the 

different hydrolysis rates : that is possible, for instance, allowing a slow hydrolysis process 

by reducing water availability 

Sometime alkoxide precursors are expensive or not available; in the case of multicomponent 

oxide systems is thus essential to use a mixture of alkoxides and soluble metal salts that can 

be trapped within the structure of the gel network, formed by the alkoxide hydrolysis, 

preventing the migration effect by capillarity during drying 
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This process has been used to prepare, for instance, Zr02-Ti02-SiC>2 glasses starting from a 

mixture of Si and Ti alkoxides and Zr nitrate solution [12] 

The gelation process, depending on many factors as pH and the chemical route used, can 

influence, in any case, the gel structure and porosity and can determine the gel particles 

shape and size [13] 

Very often in the case of alkoxides solutions used for making oxide optical glasses the 

gelation process follows the monolithic route that is based en the polymerization, into a 

gelled body, of the alcoholic solution of cations alkoxides by an air moisture hydrolysis 

After the gelation process is sometime necessary to age and wash the gel particles. 

Once produced, gel must be dried to remove the solvent and to get rid of organics This 

operation can be carried out at an acceptable speed in order to avoid fractures, particularly 

in the case of monolithic gelled bodies produced from colioidal solutions. Actually during 

the first drying stages there is a rapid reduction of volume, due to the solvent evaporation, 

allowed by the flexibility of the gel network In a second time, the further solvent loss may 

cause fractures owing to liquid-air interfaces and capillary stresses These drawbacks can be 

avoided, for instance, reducing the surface tension of the liquid phase or allowing the 

formation of larger pores Another way, that produces very porous dried gels, consists into 

the hypercritical drying process that avoids stresses due to capillary forces, owing to the ab

sence of liquid-vapour interfaces. 

Polymeric gels can be dried easier since they collapse readily in a dense structure without 

fraci:;res. 

The last step for both Sol-Gel processes is a thermal treatment to convert the gel into the 

final material (ceramic oxides, glasses, etc ), dehydration, salts decomposition, combustion 

of organics, collapse of the microporous structure and finally the densification occur during 

this treatment 
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The conditions used during this final step depend on the material characteristics and on the 

desired physical form in which the final product has to be manufactured 

Thus is possible to conserve the spherical shape of the gel particulates or to proceed to 

pressing and sintering steps in order to reach a final product in a bulk form. 

The recognized advantages of Sol-Gel family processes, in comparison with traditional 

methods, are: 

- the high grade of homogeneity at molecular level, due to the mixture of the initial 

elements in a liquid phase, gives a well defined and reproducible stoichiometry at the end 

of the process; 

- they allow the production of spherical shaped particulate with the desired size; 

- due to the strict control of microstructure and the high specific surface of the particulate, 

materials can be prepared by sintering at relatively low temperatures, 

- high purity level can be reached by easy purification methods of starting materials, for 

instance by distillation or crystallization; 

- the high grade of homogeneity of the particulate allows to avoid grinding and mixing 

processes during the entire cycle; 

- it's possible to prepare non crystalline solids or to synthetize new crystalline phases 

starting from amorphous phases, 

- they are useful for remote applications, which is very important in nuclear applications 

By Sol-Gel process it's easy to obtain final products of desired shape and to prepare fibers, 

films and composites 

- large and optical clear monolithic oxide glasses can be produced by air moisture 

hydrolysis of polymeric solutions, 

- fibers may be produced by an adequate hydrolysis process of an alkoxide solution when 

its viscosity has reached a value of about one hundred poises. 
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- with an appropriate drying process thin films of glass and ceramic coatings can be 

produced 

Furthermore Sol-Gel processes allow the synthesis of carbides, nitrides, oxinitrides, 

sulphides, cermetals, aerogels and products with desired porosity [8]: 

- Metals and cermetals can be prepared by heating gel particles in a reducing atmosphere 

- Carbides can be prepared by thermic reduction of carbon doped gel followed by a 

pyrolysis of polymeric carbide precursors [14]. 

- Nitrides and oxinitrides can be obtained by firing carbon containing gels in a nitrogen 

atmosphere or using ammonia for an ammoniolysis instead of hydrolysis [ 15] 

- Sulfides may be prepared using hydrogen sulfide for a sulfidolysis process instead of 

hydrolysis [15]. 

- Porous products with the desired pnrosity can be achieved by heating carbon containing 

gels in an oxidizing atmosphere [8]. 

- Aerogels (almost transparent porous SÌO2 with densities of about 0,15 g/cm3) can be 

produced by sol-gel processes starting from alkoxides [15] 



3. THE GSP PROCESS. 

Since 1970 SNAM [16] has developed a 

modified colloidal Sol-Gel process, called 

Gel Supported Precipitation Process 

(GSP), particularly suitable for the pro

duction of U, Th and Pu oxides and car

bides microspheres, to be used in the 

HTR nuclear fuel, mainly by virtue of the 

obvious advantages offered in terms of 

safety, as the dangerous handling of 

powders can be avoided 

A special "broth", rather than a sol, is 

prepared by addition, to an aqueous solu

tion of inorganic salts, of some organic 

polymeric thickeners in order to increase 

the "broth" viscosity and to facilitate the 

following gelation step that can be carried 

out spraying the broth through a nozzle, 

in form of fine droplets, into a con

centrated ammonia solution where 

droplets are gelled A modified process 

uses amines as denitration agents Gel 

microspheres are then dehydrated by 

azeotropic distillation with carbon tetra 

chloride 

Metal (U, Pu, Th) 
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4. SOL-GEL PROCESSING OF CERAMIC MATERIALS. 

Among the quite iarge number of new advanced ceramics suitable for innovative applica

tions, in the last then years Sol-Gel and the GSP processes have been used, in ENEA and 

TEMAV laboratories, to prepare granular precursors and to manufacture final products of: 

- Inorganic ion exchangers for processing medium activity wastes [17] 

- SYNROC for rad-wastes immobilization [18]. 

- Porous LÌAIO2 ceramic breeder material [19]. 

- YBCO and BiSCCO ceramic superconductors at high Tc [20] [21 ] 

- Partially Stabilized Zirconia (PSZ) as biomaterial candidate [22] 

- Spherical powders of biocompatible Hydroxyapatite [23] 

4.1. INORGANIC IONS EXCHANGERS. 

The experimental work on Inorganic lor. Exchangers has been conducted by an ENEA-

AGIP Group [17] 

Some years ago [25-26] it has been proposed a solidification process of nuclear wastes by 

the absorption of radioelements on inorganic ion exchangers, prepared by traditional 

methods, followed by a conversion, to leach resistant ceramics, by hot pressing and 

sintering 

The Italian contribution to the demonstration of radioelements immobilization by inorganic 

ion exchangers has been mainly directed to a simplification of the reference fabrication 

process 

On this purpose attempts were made to substitute those traditional precursors by gel micro

spheres of hydrous Titanium oxide (HTiO), prepared oy a GSP method [17] The following 

considerations suggested the choice of a Sol-Gel process: 

- the high surface area of dried gels results in very high reactivity of the particulate that 

allows low temperature processing; 
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- chemical homogeneity at molecular scale, between HTiO and radioelements, can be 

obtained since the process works in liquid phase; 

- high purity level can be maintained since grinding and mixing steps are not necessary, 

- it's possible to work in safe conditions since handling of powders can be avoided 

By this GSP Process [17] a viscous solution of liquid TÌCI4, mixed with Tetrahydrofurfurilic 

alcohol (THFA) and a gel precipitation agent (Methocel A4C), added to thicken the 

mixture, is sprayed through a rotating cup atomizer, in form of controlled size droplets, in a 

6M ammonia solution, in which liquid droplets solidify by a gel conversion 

After ageing in 6M NH4OH and repeatedly rinsing with water to eliminate residual NH4CI, 

particles are dried by azeotropic distillation with C2CI4 and finally in a muffle kiln at 110°C 

Particles, produced by this way, show a very high specific surface area (600 m2/gr) 

Sorption tests of selected waste cations (Si\ Am, Eu, Cs) are carried out on fixed bed 

columns of GSP HTiO particles at temperatures between 100 and 500°C 

The Sr uptake capacity, caused by the heating treatment, follows the same pattern ooserved 

in the specific surface area values and no significant activity in the effluents is encountered 

up to the value of about 2600 bed volumes passed through the column 
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HTiO microspheres, saturated by radionuclides, are converted into high density (4,5 g/cc) 

pellets through drying at 110°C, calcining at 500°C in air, forming green pellets by cold 

pressing and finally sintering in air to 1320°C for 3 hours 

The amount of strontium absorbed is in the range of 4-5 meq Sr++/gr of HTiO 

Similarly good results are obtained with europium ( 1 meq Eu+++/gr of HTiO) and ameri-

cium 
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Analyses of the sintered doped pellets by X-Rays diffraction, optical microscopy and elec

tron microprobe, show a very homogeneous distribution of strontium on the rutile matrix, 

thus confirming the true ionic exchange property of the sol-gel precursor, due to its spongy 

microstructure 

4.2. SYNROC. 

The experimental work on SYNROC has been conducted by an ENEA-AGIP group [ 18] 

and resumed, at later time, ax ENEA Laboratories [27]. 

A possible solution to the problems of the containment of highly active wastes, derived from 

nuclear reactors, can be offered by the utilization of a stable synthetic mixture formed by 

hollandite (BaAl2TÌ60i6), perovskite (CaTiC>3), zirconolite (CaZrT^O?) and rutile (TÌO2), 

called SYNROC (an acronym of SYNthetic ROCks), as proposed by Reeve and Ringwood 

of the Australian National University of Canberra [28] 

SYNROC reproduces natural rocks structure capable of absorbing almost all radionuclides, 

placing them in regular sites within the crystalline structure in the form of a diluted solid 

solution [28]. 

These rocks seem particularly stable since they have survived, in nature, for geological 

periods of over 2 billions years. The evidence of the noteworthy geological stability, 

strengthened by a remarkable resistance to leaching agents, suggests the usefulness of 

SYNROC as an effective system, at least theoretically, for the immobilization of nuclear 

wastes, confining radionuclides in the same manner in which nature works 

The fabrication process, proposed by Reeve and Ringwood, comprises: 

- the preparation of an aqueous mixture of fine powders of Ti, Zr, Ba, Al and Ca oxides, 

- adding the HLW solution to the mixture, 

- drying in a rotating drum and calcining at 800°C in a reducing atmosphere, 

- hot pressing in a collapsable can 
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The complexity of the traditional preparation technologies and unfavorable economics 

considerations have, until now, discouraged the use of this material In effect, need of 

obtaining precursor materials in form of extremely fine powders, to assure an adequate and 

homogeneous mixture with radionuclides, constitutes a highly complicated factor that places 

traditional ceramic methods at a disadvantage. 

On the contrary, GSP process, developed by the ENEA/AGIP Group [ 18], seems particu

larly suitable for the preparation of SYNROC precursors, as powders handling, in all the 

production phases, can be avoided, thus guaranteeing, at the same time, a high level of 

microhomogeneity in the mixture of gel microspheres and radionuclides in the liquid phase 

A further advantage of this process consists in the ability to avoid the hot pressing minera

lization step, substituting it by cold pressing and sintering. 

Therefore the Italian contribution to the demonstration of HLW immobilization in 

SYNROC was mainly directed to the simplification of the reference fabrication process [28-

29], substituting it by the GSP process, followed by a spray calcination step (EDXP 

technique) jointly developed for this purpose by AGIP and ENEA [18] [30] 

Another working hypothesis was that pressureless sintering at relatively low temperatures of 

xerogel microspheres, doped with HLW, could yield to a SYNROC ceramic of acceptable 

characteristics 

SYNROC precursors are prepared by a gel 

precipitation (GSP) process obtained dispersing, in 

form of fine droplets by means of a rotating 

atomizer, a solution of titanium tetrachloride and 

calcium, barium, zirconium and aluminium nitrates, 

in their correct stoichiometrc proportions, added 

with tetrahydrofurfurilic alcohol (THFA) and a ge-

lifying agent (Methocel 4AC), in ammonia and am

monium oxalate solution After repeated rinsing with 
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water to eliminate NH4CI and NH4NO3, gel material is converted into small vitreous spheroids 

by drying and firing at 450°C 

Precursor material shows an elevated specific area (400 m2/gr) and a remarkably spongy 

microstructure suitable to guarantee a capillary absorption of HLW solutions Glassy 

microspheres are shown in the following figure. 

SYNROC microspheres prepared by Sol-Gel process [27] 

The absorption of HLW solutions can be performed by the EDXP process (Evaporative 

Deposition on Xerogel Precursors) In this process a bed of xerogel microspheres is placed 

in a rotating evaporator and heated at 100-150°C The HLW solution, which may contain 

up to 2 mol/liter of free HNO3, is sprayed on the bed surface, that is continuously renewed 

by the rotating movement Particles exposed to the spray are istantly impregnated by the 

HLW solution that, after evaporation, leaves the nitrate salts homogeneously deposited on 

the walls of the precursor network When precursors particles are loaded with the desired 

amount of nitrate salts the precursor bed is replaced with a new one 
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Firing the bed loaded by HLW nitrate at 700-800°C in a reducing atmosphere yields 

decomposition of waste salts to waste metal oxides and/oi metal finely dispersed in the 

precursor matrix 

By cold pressing at 20 kN/cm2 and sintering at 1250°C in Ar + 4% H2 atmosphere yields a 

fully dense ceramic product having leaching rates, in water at 200°C for 21 days, of about 

2 lO^g/cm2 

The decontamination factor, defined as the ratio between the specific activity of the HLW 

solutions and of the LAW (low activity waste) solution, is over 104, in the case of HLW 

containing Cs137. 

The fully dense SYNROC ceramics, produced by GSP process, have the requested compo

sition, as shown in X-Rays diffraction pattern shown below 

CaZrTi jO , — 0 Zirconolit* 

B«Ti 4AI 30, j » Hollands* A 

C»TiO, — • Pcrovskiu 

T iO , — O Ruiii« 

X-Ray diffraction pattern of a SYNROC sample [18] 
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4.3. POROUS L1AIO2 CERAMIC BREEDER MATERIAL. 

The experimental work on porous LÌAIO2. as ceramic breeder materia) for fusion reactors, 

has been conducted by an ENEA Group operating M the CRE Casaccia Laboratories [19] 

Many of the research and development programs consider solid lithium containing com

pounds as the most promising candidate as tritium breeding materials for fusion reactors In 

particular LÌAIO2 (gamma phase) seems enough reliable in virtue of its thermodynamic 

behavior, good chemical compatibility with the coolants and a better resistance to the heat 

and radiations damages. 

The ceramic breeder must be a high densified solid body with a large interconnected 

porosity, to allow the tritium extraction by the sweeping action of an inert gas, and a good 

interparticle bond to assure an acceptable resistance to the experimental conditions 

Two Sol-Gel technologies for ceramic grafie powder preparation have been studied [19]: 

a) Sol-Spray-Drying Method 

Al-sol is obtained by denitrating an A1(N03)} aqueous solution at 80°C by liquid-liquid 

extraction using Primene JMT in petroleum medium, the sol is at pH 5 and has a molar ratio 

NOVA1 of 0 4 A solution of LiNO} is added to reach a near stoichiometric Li/Al ratio The 

"broth" is then spray-dried at 200°C 

Thermogravimetric analyses show the sol behavior during ths thermal treatment: the nitrate 

fusion occurs at 250°C and the synthesis of the lythium-aluminate is completed at 650°C 

The result consists in a-phase particles with very high specific surface area 
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Thermogram of Li Al sol precursors [19] 

b) GSP Process 

The GSP process is based on the coprecipitation of Li-AI Hydroxides from a "broth" obtained 

mixing an adequate excess of LÌ2CO3 with a concentrated aluminium nitrate solution added by 

methylcellulose (as thickener) and THFA as gelation aid Through stainless steel nozzles the 

"broth" is dripped into a concentrated ammoniacal solution to form a gel. 

After ageing for few hours, washing by water to remove the excess of NH4OH and NH4NO3 and 

drying, powders are calcined at 650°C for few hours to obtain gamma lithium aluminate with a 

specific surface area of about 54 m2/g This result seems to be achievable just in the case of a 

correct Li/Al ratio 

Achieving a correct Li/Al ratio represents the most critical point of both sol-gel processes, since it 

can affect the final grain size and the specific surface value Characteristics of powders prepared 

by both processes, after the calcination treatment, are [19]: 
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Process 

SSD 

SSD 

GSP 

GSP 

Thermal 

Treatment 

650°C 

900°C 

650°C x4h 

650°C x2h 

Specific 

Surface (m 

63.5 

113 

544 

23.3 

2/g) 

Li/AI 

ratio 

1 00 

1.00 

0.97 

1.02 

Pha 

a 

Y 

Y 

Y 

Finally all powders are pressed and sintered at 1300°C for 2 hours Some lithium loss can occur 

during the heating treatment. The final pellets have the following characteristics [19]: 

Process Density 

%ofT.D. 

83 

86 

Pore size 

average (u.) 

0.4 

02 

Li/AI 

ratio 

1.00 

097 

Pha 

Y 

Y 

SSD 

GSP 

The porosity of both samples is nearly fully interconnected. GSP samples show the best 

sinterability In conclusion pellets made by GSP precursors seem to have all the requested 

characteristics to be a promising candidate as tritium breeding material for fusion reactors 

4.4. CERAMIC SUPERCONDUCTORS AT HIGH Tc. 

Within a research program en Special Ceramics, in ENEA Laboratories were studied and 

developed two different Scl-Gel processes [20-21] for the production of large, significative and 

reproducible amounts of granulates, of different sizes and shapes, to be used as precursors for the 

fabrication of YBCO ceramic superconductors having good superconductive properties [31-32] 

In order to achieve a production of large quantities of ceramic superconductors, with valid and 

reproducible characteristics, is necessary to dispose of a suitable control on the physico-chemical 

properties of the starting precursors and on the green body microstructure obtainable 

For these reasons sol-gel process was chosen, as preparation method, since it provides a sufficient 

and significant control of the particles morphology, purity and homogeneity and it allows to obtain 
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specimens with rather good final densities (up to 90% of T D) , that is possible to reach at lower 

sintering temperature, owing to the particulate reactivity, and with a unique sintering cycle without 

any intermediate step during the entire treatment 

Next page is shown the flow-sheet of the M.S.G. (Modified Sol-Gel) and the ALCOX processes 

used 

a) M.S.G. process. 

An intimate aqueous solution of commercial nitrates of considered elements, added with Methocel 

(commercial Methilcellulose) as thickener and THFA (Tetrahydrofurfunlic alcohol) as gelation 

aid, is atomized at room temperature, through a rotatory nozzle, in an organic mixture composed 

of 50% Primene JMT (a primary amine) and 50% Benzene, as diluent The long chain amine is 

used in order to extract the counter ions, from the acidic solution of the starting elements, into the 

organic phase. 

An amorphous pale blue gel is istantly forrr.ed since the increasing of the pH of the aqueous 

solution, due to the extraction of the acid ions, facilitates the precipitation of the hydrous oxides of 

cations. 

The gel formed is then separated from the liquid phase and dried at 180°C in a oven where it turns 

to a brown black color. A subsequent calcination treatment is carried out in air at 700-800°C in 

oider to form oxides and to get rid of the organics The calcined black material is then pressed 

with a hysostatic hydraulic device in the form of cylindrical pellets and bars. The pressed material 

undergoes a sintering treatment, in flowing oxygen atmosphere, up to 950°C with a climbing rate 

of 100°C/h, a dwell of 3 hours at 950°C and finally a cooling with a rate of 100°C/h. 
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Flow-Sheet of Sol-Gel Processes used to product YBCO precursors [21] 

b) ALCOX Process 

As shown before, the flow-sheet of this second preparation process, chosen in order to obtain 

granulates of smaller dimensions to improve the powders reactivity during the thermal treatment 

and to control the rate of degradation due to moisture conditions, is similar to the above 

mentioned MSG flow-sheet, although the starting nitrate salts are first dispersed in an ethylen-

glicol solution and then sprayed in a tertiary amine 
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The precursors obtained, using both sol-gel processes, present large specific surface areas, 

good tap-density, pressing behavior and reactivity. 

Auger Electron Spectroscopy images and 

Auger maps of Y, Ba, Cu and O 

demonstrate the good homogeneity on X 

the whole surface Auger spectra, carried r 
vi 

out by a surface scanning, confirm the ^ 
a 

presence of a small quantity of carbon 

probably due to the shortened calcination 

time of the granulate 

quite 

200 400 600 
KINKTIC ENIBCY IV 

«00 1000 

Auger Spectra of MSG Sample [21] 

X-Rays diffraction patterns, reported below, show a polycrystalline structure typical of an 

orthorombic oxygen deficient perovskite phase. 
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X-Ray diffraction pattern of YBCO superconductors by Sol-Gel process [21] 
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Free parallel surfaces of the sintered specimens (MSG and ALCOX), are examined by Scanning 

Electron Microscopy (SEM), using samples after an average "ageing" time of 40 days 

MGS samples, from the morphological 

point of view, appear to be monophase 

with a well distributed rod shaped 

particles On the contrary, ALCOX 

samples appear to be dual phase with 

rod shaped particles mixed with 

globular ones. 

Thermal analysis, as shown below, shows an initial weight loss (at ca 200°C) due to water and 

organic compounds. By further heating samples loose considerable amounts of oxygen, this 

reaction is p. '• J.ly compensated, during cooling time, until weight becomes constant, according 

to the final formula YBa2Cu306 94. 

TGA 

i t * . a 

« 
« 

11.» 

• >0 10» O t lfO 258 

Tide ( • t o ) 

l U U I t 

TGA in oxygen of a MSG sample [21] 
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Critical transition temperature (Tc) has been measured by a classic four-points d.c system suitable 

of measuring the electrical resistance of a specimen as a function of temperature Results show a 

linear decrease of the electrical resistance in the range from 300°K to 94 °K where the 

superconducting transition occurs The resistance drop to zero in the transition field is very sharp 

with a width of about 1 °K 

During the warming up of the sample the phenomenon is perfectly reversible without any 

hysteresis effect. 
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Temperature f. 

Resistance vs Temperature of a MSG st ..pie [21] 

Tests aiming at the achievement of more than 90% of the T.D. are in progress to improve the rod 

shaped structure alignment 

The large homogeneity, obtained at molecular level since the mixing of starting elements is carried 

out in a liquid phase, gives a well defined and reproducible stoichiometry at the end of the 

preparation route 

Furthermore, despite the degradation effects reported by other researchers [33], it has been 

noticed that MSG specimens, left in open air (85% rei humidity) for 45 days, still show a 

noticeable Meissner effect and present a Tc of 91°K 

Transport current measurements were performed on samples cut from pellets in the shape of small 

bars of dimensions 12 x 1 x 2 mm, using a standard four-terminal voltage-current device Contacts 

were made by freshly abrading the surface, then applying silver paint A typical V-I diagram at 77 

K is shown below 
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For the tested samples the average critical current density Jc at 77 K and zero applied field is 

about 400 - 450 A/cm2 

Transport current of YBCO sample 

The same Sol-Gel process was used to produce ceramic superconductors with formula 

BÌ2Sr2CaCu20y The final sintering treatment was carried out at 860 °C in oxygen atmosphere. 

The Sol-Gel process provides a significant control of the particles morphology and allows to 

obtain specimens with quite good final densities (for YBCO is > 95 % of the T.D ) 

Furthermore this procedure has many advantages if compared with the traditional ceramic 

methods: 

- the large homogeneity, obtained at molecular level since the mixing of the starting elements is 

carried out in liquid phase, gives a well defined and reproducible stoichiometry at the end of the 

precipitation route; 

- the reactivity of the particulate, due to its high specific surface, allows shorter thermal 

treatments, 

- the intimate homogeneity of the particulate allows a unique sintering cycle without any 

intermediate step (grinding, mixing) (\ring the entire treatment 

file:///ring
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4.5. PARTIALLY STABILIZED ZIRCONIA. 

In the last years many researchers, worldwide, have focased their attention on Partially 

Stabilized Zirconia ceramic, as biomateriai candidate, thanks to its mechanical properties 

and good biocompatibility (absence of adverse tissue response) 

Moreover the lower brittleness, the higher bending strength, the lower friction and wear of 

PSZ ceramics, in comparison with the commonly used Alumina, make this class of materials 

vw*ry interesting to be used as coating, for protecting metallic components, or as bulk 

material in Total Hip and Total Knee Prosthesis Joints 

Wear Rate Comparisons 
Ceramics vs. Metals on UHMWPE 

0.006 

Femoftl Hctd Material 

For these reasons, in the frame of an agreement among ENEA, TEMAV and Institute of 

Orthopaedics of the Catholic University of Rome, a joint program was started to investigate 

the behavior of Partially Stabilized Zirconia, and other high performance ceramics, in 

biomedical applications 

The first step of this program was the production of ceramic samples, with different densi

ties, for biocompatibility tests both "in vitro" and "in vivo" [22] [34] 
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Inside this program five different ceramic materials for orthopaedic applications have been 

investigated The selected materials were Calcia and Yttria Partially Stabilized Zirconia 

(PSZ), Zirconia Toughened Alumina (ZTA), Titania and Magnesia Spinel 

The GSP process was chosen in order to produce precursors with a fine grain structure and 

to allow a close control of the impurity content achievable in each process step. Salts used 

as starting materials were: 

- Zr(NO3)4(20% Zr02) and CaO for 10 mol % (Ca-PSZ) 

- Zr(NO3)4(20% Zr02) and Y203 for 3 mol % (Y-PSZ) 

- Zr(NO3)3(20% Zr02) and A1(N03)3 9H20 for ZTA (15 wt% zirconia and 85 wt % 

alumina) 

- A1(N03)3 9H20 and (NH4)C03 MgC03 4H20 for MgAl204 

- TiCI4 

The GSP process used is based on the precipitation or coprecipitation of hydroxides obtai

ned dripping to a concentrated ammoniacal solution, trough stainless steel nozzles (0,2 to 

0,5 mm in diameter), a "broth" of a stoichiometric mixture of the starting nitrates, chlorides 

or oxides, added with methylcellulose, in order to increase the solution viscosity, and te-

trahydrofurfurilic alcohol, as gelation aid. 

After ageing for a few hours at room temperature the gelled precipitates are washed in H20 

to remove the excess of ammonia and ammonium nitrate (or chloride for Ti02 powders) 

After drying, by an azeotropic distillation with an organic compound, the powders are cal

cined in air at 500°C (Y-PSZ and Ca-PSZ), at 450°C (ZTA and Mg-Spinel) and at 350°C 

(Ti02) for 4 hours These two last calcination temperatures are enough low to avoid the 

formation of hard agglomerates The properties of the GSP powders are shown in the fol

lowing tables [22]: 
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SAMPLE 

Ca-PSZ 

Ti02 

ZTA 

MgAI204 

Y-PSZ 

Calcination 

Temperature 

500 

350 

450 

450 

500 

S (Bet) 

<m2/gr) 

118-150 

115 

280 

84 

98 

Aver. Particle 

Size (|t) 

115-54 

90 

48 

62 

53 

Phase 

(XRD) 

t-Zr02 

t-TiO: 

amorphous 

amorphous 

C-Z1O2 

TYPICAL IMPURITIES CONTENT ( Mg/I ) 

Al Fé Hg Mg Pb Zn Y Si 

< 140 < 300 < 5 < 20 < 100 < 29 < 100 < 500 

The particulates have spherical shape with a good homogeneous distribution of the 

elements. The calcined powders of Ca-PSZ, Y-PSZ and TÌO2 are crystallized while powders 

of ZTA and Mg-Spinel are amorphous, due to their low calcination temperature Y-PSZ has 

a very fine tetragonal structure (< 0.9 u). 

Green samples, prepared by cold axial pressure, are sintered in air, without binders or sin

tering aids, with a 10°C/min ramp, to 1350°C (TÌO2) and 1500°C (PSZ, ZTA, Mg-Spinel) 

After 4 hours samples are cooled to room temperature at a speed of 10°C/min 

Powder of Spinel achieves a very high value of density (> 97% T.D.) after sintering at lower 

temperature (1500°C) than that reported in literature ( 1700°C) 
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Ca-PSZ shows a fully sintered structure 

with tetragonal phase (D= 1-2 u) and cubic 

grains (D= 6-8 î) The X-Ray diffraction 

confirms the presence of a solid solution of 

Ca.15Zrss.O1.g5 in the cubic phase, with 

traces of the tetragonal one 

TÌO2 has big grains (>50 u) probably due 

to the high sintering temperature, since the 

GSP powders are very active and usually 

sinter at lower temperature The phase 

detected by X-Rays is Rutile 

X-ray of Ca-PSZ sample [22] 

JJ UU_J 

X-Ray of a TÌO2 sample [22] 

ZTA shows large pores among very small 

grains (< 0,7 u); the phases are a-alumina and 

tetragonal-monoclinic zirconia 

•KIIULL 13^1 UA/JU*4 

X-Ray of a ZTA sample [22] 

http://Ca.15Zrss.O1.g5
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Mg-Spinel shows a homogeneous structure 

with small grains (<1 u); the X-Ray diffraction 

confirms the total conversion to Spinel phase. 

JJ -L_A 

X-Ray of Mg Spinel sample [22] 

These five materials, produced by GSP process, are now testing "in vitro" and "in vivo" in 

order to evaluate their long term behavior and to allow the selection of those materials on 

which to carry out more severe tests (mechanical, corrosion, wear, etc ) The first results 

obtained indicate that many of these . — 

materials are adhesive for cells and 

do not show any adverse reaction 

Some spherical heads for the femoral 

component of Total Hip Prosthesis 

were manufactured using GSP Y-

PSZ 

Powders were cold hydrostatically 

pressed in cylinders of 40 mm 

diameter and 40 mm in length, then 

pre-sintered at 800°C for 4 hours 

External spherical surface and the 

inner female taper are then shaped by 

turning Pieces were finally sintered at 

I 
Cold isostatic Pressing i 

100 MPa 

Pre • Sintering 

800 'C x 2 h 

Sintering 

1500'C i 2 h 

Polishing 
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1500°C for 4 hours to reach the final density (>99% of T.D.) before of finishing the spherical 

surface. 

4.6. BIOCOMPATIBLE HYDROXY APATITE. 

In the frame of the Italian-Polish ENE A-PAA scientific collaboration it has been developed 

[23] a variant of the Sol-gel technology, using a water extraction process, to produce sphe

rical powders of hydroxyapatite, that is the most important constituent of human hard tis

sues such as bone, dentine and enamel 

The Hydroxyapatite is a Ca0-P2O5-H20 compounds system with molar ratios Ca/P inclu

ded between 0,5 : 1 and 2,0 : 1 [23] 

Sol-Gel process was chosen to obtain very pure hydroxyapatite in the shape of spherical 

particles in order to facilitate the bone cavity filling and the preparation of coatings on 

metallic (or ceramic) substrates by plasma spraying technique. 

Furthermore by the compaction of spherical particles, with the desired size, it's possible to 

produce implant bodies with a suitable porosity to allow tissue ingrowth and a strong me

chanical bond with the bone The feed solution of the Sol-Gel process consists into a 

"broth" of calcium acetate and phosphoric acid (molar ratio Ca/P=l,67), emulsified in 

dehydrated 2-ethyl-l-hexanol [8]; emulsion drops, obtained through a capillary nozzle, are 

solidified by water extraction using the same solvent The gel network, as Infrared Spectra 

confirm, is formed by hydrogen bonds and coordinated acetate 
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The behavior of the gel particles during the heating process has been studied [23] by Ther

mal analysis, Infrared Spectra and XRD patterns. By this way it has been shown that after 

drying at 50°C the gel structure is constituted by calcium acetate 

During the heating treatment there are many structural arrangements: 

- at 220°C gel, still amorphous, looses water and a part of acetate; 

- between 220 and 560°C there is a 

further weight loss with a large 

exothermic effect, leading to the 

formation of hydroxyapatite and 

calcium carbonate; 

- at 580°C there is a further 

exothermic effect without weight 

loss, caused by a structure 

changement (formation of carbonate 

hydroxyapatite); 
e 

- at 750°C there is the last small i 
• • * 

weight loss with an endothermic - - » 
o 

effect, 

- finally the product calcined at 

920°C reaches the crystalline 

structure of hydroxyapatite 

Thermal analysis of gel particles [23] 
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According to tne thermal analysis results, the filtered gel particles, (<I> < 100 n) are washed 

with petroleum ether, dried at 50°C for 24 hours and calcined for 24 hours at 900°C to 

hydroxyapatite microspheres 

The final powders consist of well defined grains, preserving the spherical shape, with a high 

open porosity due to the gas loss during the thermal treatment, as desired for bioceramic 

applications 

5. CONCLUSIONS. 

Advanced ceramics are finding more and more important uses. In some particular applica

tions they can not be substituted by any other material 

In order to produce more reliable advanced ceramics, on a commercial scale, techniques are 

being developed to improve their mechanical performances and, consequently, to enlarge 

their employment fields 

Sol-Gel process seems suitable for this requested improvement since it allows to obtain 

more reproducibly pure and homogeneous microstructures and to reduce the structural 

defects that may arise during the fabrication steps 

Considering that many of the elements of the Periodic System can be used in sol-gel 

processes, it's possible to affirm that Sol-Gel technologies represent a great challenge, in 

comparison with the traditional ceramic processes, since they still have a wide field of 

favorable applications, even from the economic point of view 
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