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Summary
Nano-nano dual-phase composites in which both phases are present as grains with typical
dimensions <100 nm are expected to exhibit physical properties, deviating from those of
coarser-grained composites. If one phase is electron conducting and the other electrically
isolating, special properties can be expected due to Schottky-barrier space-charge formation
in the isolator phase near dual-phase boundaries. The extent of the Schottky-barrier (Debije
length) can be of the same order as the total grain dimension resulting in special electrical
and optical properties. These expectations are the base of this research.
Dense nano-nano dual-phase composites hardly have been obtained, so far. Therefore
the focus of this research was the synthesis of dense oxidic nano-nano dual-phase
composites. Only wet-chemical powder preparation routes were used. The start of all
preparation routes was the synthesis of nano-crystalline low-agglomerated powders, for the
system zirconia-hematite (• -Fe2O3) and zirconia-ruthenia (RuO2). The zirconia in both
cases was 3Y-TZP, ZrO2 doped with 3 mol% Y2O3.
For the system zirconia-hematite, two types of powder synthesis routes were chosen.
Either a co-precipitation method was used, in which the three different types of metal ions
(Fe3+, Zr4+ and Y3+) were precipitated simultaneously, or a sequential precipitation method
was in used. In the latter case, first a low-agglomerated suspension of either nanocrystalline
zirconia or hematite particles was made. The synthesis of hematite suspensions was studied
in more detail. It was found that the amount of agglomeration of the hematite particles in
suspension could be reduced by making small (40 nm) superparamagnetic crystallites. For
the sequential precipitation methods the second phase was precipitated in an aqueous
suspensions of the first phase. All precipitation methods resulted in (partly) amorphous gels
that were calcined to produce fully oxidic nanocrystalline powders.
The co-precipitation method led to the most homogeneous distribution of Zr- and Fespecies. If the Fe2O3-content was ≤34 mol%, the co-precipitation method and subsequent
calcination at 700°C produced single-phase solid solutions of ferric oxide in yttria-dopedzirconia. This mixed oxide had a cubic structure. When heating this powder at 800-900°C
almost all Fe3+-ions left the zirconia phase to form a separate hematite phase.
Concomitantly, the structure of the zirconia phase changed from cubic to tetragonal.
By developing a generally applicable EDX-SEM method the homogeneity of Fe-Zr
distribution of the powders could semi-quantitatively be determined. The by sequential
precipitation prepared powders were less homogeneous compared to the single-phase co-

precipitated powders, but the powders that were made by precipitating ferric chloride in a
zirconia suspension were quite homogeneous too.
Different methods were used to form the powders into compacts. Magnetic pulse
compaction proved to be the most promising green compaction method. Most powders
were compacted by using isostatical pressing, however. The compacts were sintered either
pressureless in air at 1150°C, or by using sinterforging at 1000°C and 100MPa.
Sinterforging in most cases produced dense (>95%) composites with smaller grain sizes
compared to pressureless sintering. Sinterforging proved to be successful in producing for
the first time dense zirconia-hematite composites with average grain size for both phases
<100 nm. Pressureless sintering could not achieve this goal, probably due to an
inhomogeneous pore distribution in the compacts.
Sequentially precipitated powders produced more homogeneous composites with
smaller grains compared to co-precipitation after sintering. The co-precipitated powders
showed strong grain growth and dehomogenisation during sintering, probably due to the
higher amount of energy stored in these systems compared to powders prepared by
sequential precipitation. Hydrothermal crystallisation showed to be a promising preparation
method to make low-agglomerated nanopowders.
For the zirconia-ruthenia system, co-precipitation resulted in dual-phase zirconiaruthenia powders, just as for the sequential precipitation method. Almost no ruthenia
dissolved into the zirconia lattice. Co-precipitation still resulted in more homogeneous
powders. All prepared zirconia-ruthenia powders showed strong dehomogenisation of the
two phases when heating >400°C, due to the oxidative volatilisation of the RuO2. It was
more difficult to densify the zirconia-ruthenia powders compared to the zirconia-hematite
powders. Pressureless sintering was not successful, but sinterforging at 1150°C and
100MPa produced for the first time dense dual-phase zirconia-ruthenia composites. These
composites showed dehomogenisation of the two phases on very large scale (100
micrometer). This phase separation during sintering could largely be prevented by using
explosive compaction as powder compaction technique. This resulted in green compacts
with the extremely high density of 78%. Explosive compaction resulted in brittle materials,
however, that only could be densified to high density (93%) by using pressureless sintering.
Still in the latter case dehomogenisation was much less compared to isostatical pressing and
subsequent sinterforging.
The dense dual-phase zirconia-ruthenia composites showed high electron conductivity,
especially at low RuO2-percentage (15 mol%), due to their inhomogeneous microstructure.
The electrical conductivity was shown to be depending very much on the distribution of the
ruthenia in the composite.

Samenvatting
Het is de verwachting dat de fysische eigenschappen van nano-nano twee-fasige
komposieten met alle korrels <100 nm afwijken van komposieten met identieke chemische
samenstelling maar grotere korrels. Indien de ene fase elektrisch geleidend is, en de andere
elektrisch niet-geleidend, kan men speciale eigenschappen verwachten als gevolg van de
aanwezigheid van Schottky-barriëre ruimte-ladingen nabij de korrelgrenzen in de isolatorfase. De lengte van de Schottky-barriëre (Debije lengte) zou dan in dezelfde orde-grootte
liggen als die van de korrelgrootte, wat bijzondere elektrische en optische eigenschappen
voor het nano-nano komposiet tot gevolg kan hebben. Deze verwachtingen zijn de
aanleiding tot het in dit proefschrift beschreven onderzoek.
Dichte twee-fasige nano-nano komposieten zijn tot nu toe nog nauwelijks gemaakt.
Daarom lag de focus van het onderzoek op de synthese van dichte oxidische twee-fasige
nano-nano komposieten. Enkel nat-chemische preparatie-technieken zijn gebruikt om
poeders te maken. Het begin was altijd de synthese van nano-kristallijne weinig
geagglomereerde poeders. De systemen zirkonia-hematiet (• -Fe2O3) en zirkonia-ruthenia
(RuO2) zijn gesynthetiseerd. In beide gevallen is 3Y-TZP, ZrO2 gedoteerd met 3 mol%
Y2O3 gemaakt.
Voor het systeem zirkonia-hematiet zijn twee verschillende syntheseroutes gebruikt.
Ofwel een co-precipitatie methode, waarbij de drie verschillende cationen (Fe3+, Zr4+ en
Y3+) tegelijkertijd geprecipiteerd werden, ofwel een sequentiële precipitatie methode werd
gebruikt. In het laatste geval werd eerst een zo min mogelijk geagglomereerde suspensie
van nanokristallijn zirkonia of hematiet bereid. De synthese van hematiet-suspensies werd
gedetailleerd bestudeerd. Het is gebleken dat het mogelijk is de mate van agglomeratie van
een hematiet suspensie te verminderen door kleine (40 nm) paramagnetische kristallietjes te
maken. Bij de sequentiële precipitatie methode werd de tweede fase geprecipiteerd in een
suspensie van deeltjes van fase twee. Alle precipitaties resulteerden in (gedeeltelijk) amorfe
gels welke gecalcineerd werden tot oxidische nanokristallijne poeders.
De co-precipitatie methode leidde tot de meest homogene distributie van Zr- en Fespecies. Indien het Fe2O3-gehalte lager of gelijk aan 34 mol% was, leverden co-precipitatie
en calcineren bij 700°C een-fasige vaste oplossingen van ijzeroxide in yttria-gestabiliseerdzirkonia. Dit mengoxide had een kubische struktuur. Bij verhitting tot 800-900°C verlieten
vrijwel alle Fe3+-ionen het zirkonia-rooster om een eigen hematiet fase te formeren. De
struktuur van het zirkonia veranderde van kubisch naar tetragonaal.

Met een zelf ontwikkelde algemeen toepasbare EDX-SEM-methode werd de homogeneiteit
in de verdeling van Zr and Fe bij poeders semi-kwantitatief bepaald. Sequentiële
precipitatie leverde minder homogene materialen op in vergelijking met de eenfasige cogeprecipiteerde poeders. De poeders gemaakt door precipitatie van FeCl3 in een ammonia
suspensie van zirkonia leverden ook behoorlijk homogene preparaten.
Verschillende methoden werden gebruikt om de poeders tot kompakten te vormen.
Magnetische puls verdichting bleek de meest belovende groen kompakt vormingsmethode
te zijn. De meeste poeders werder echter verdicht met behulp van isostatisch persen. De
groene kompakten werden gesinterd door (drukloos) te verhitten in een oven in lucht bij
1150°C of door sinterforgen bij 1000°C en 100MPa. In de meeste gevallen resulteerde het
sinterforgen in dichte (95%>) komposieten met smallere korrelgrootte in vergelijking met
drukloos sinteren. Met behulp van sinterforgen konden er voor het eerste dichte zirkoniahematiet komposieten gemaakt worden waarvan de gemiddelde korrelgrootte van beide
fasen geringer was dan 100 nm. Door drukloos te sinteren kon dit resultaat niet bereikt
worden, waarschijnlijk als gevolg van een inhomogene porie-distributie in de kompakten.
Na sinteren waren de preparaten gemaakt van sequentieel geprecipiteerd poeder
homogener en fijnkorreliger dan de preparaten gemaakt van co-geprecipiteerd poeder.
Tijdens sinteren vertoonden de co-precipitatie kompakten sterke korrelgroei gepaard gaand
met dehomogenisatie, waarschijnlijk als gevolg van de grotere hoeveelheid energie die
vrijkomt tijdens het sinteren van deze preparaten. Hydrothermale kristallisatie bleek
belovend te zijn als methode om weinig geagglomereerd poeder te maken.
Bij het zirkonia-ruthenia systeem resulteerde co-precipitatie in twee-fasige zirkoniaruthenia poeders, net zoals bij de sequentiële precipitatie methode. Vrijwel geen ruthenia
loste op in het zirkonia rooster. Co-preciptatie leverde echter nog steeds meer homogene
poeders op. Allle zirkonia-ruthenia poeders vertoonden sterke dehomogenisatie van de twee
fasen tijdens verhitten boven de 400°C, als gevolg van de oxidatieve verdamping van
ruthenia. De zirkonia-ruthenia poeders waren moeilijker te verdichten dan de zirkoniahematiet poeders. Drukloos sinteren leverde geen dichte zirkonia-ruthenia preparaten op,
maar sinterforgen bij 1150°C en 100MPa leverde de eerste dichte zirkonia-ruthenia
komposieten op. Deze komposieten vertoonden dehomogenisatie van de twee fasen op zeer
grote schaaal (100 micrometer). Deze fasescheiding kon grotendeels voorkomen worden
door de poeders te verdichten met explosieven. Op deze wijze werd een groene dichtheid
van 78% bereikt. Explosief verdichten resulteerde echter in brosse materialen, die enkel
met behulp van drukloos sinteren verder verdicht konden worden tot 93% dichtheid. In het
laatste geval was de dehomogenisatie minder dan wanneer isostatisch persen en
sinterforgen gebruikt werden. De zirkonia-ruthenia komposieten hadden een hoge
elektrische
geleidbaarheid,
a.g.v.
van
de
inhomogene
microstruktuur.

Resumen
Materiales nano-nano composites de dos phases con dimensiones <100 nm prometen tener
mejores propiedades físicas que aquellos con mayores dimensiones. Especiales propiedades
se esperan obtener especialmente cuando una de las fases es conductora y la otra aislante.
Esto debido a la barrera Schotty en la cual se crea un espacio para la carga formada. Esto
conduce a muy interesantes propiedades ópticas y eléctricas. La posibilidad de sintetizar
este tipo de materiales es la base de ésta investigación.
Densos nano-nano composites de dos fases se han obtenido difícilmente hasta ahora.
Por lo que, el objetivo principal de esta investigacion es la elaboracion de densos oxidos de
dos fases en escala nanométrica. Únicamente, la preparación por medio de mojado químico
ha sido usada. El principio de la preparación fue la síntesis de polvos nano-cristalinos en
bajo grado de aglomeración, tanto para el sistema zirconia-hematita (Fe2O3) y zirconiaoxido de rutenio (RuO2). En ambos casos, la zirconia utilizada fue 3Y-TZP. Esta zirconia
está dopada con 3 mol % de Y2O3.
Para el sistema zirconia-hematita, se escogieron dos métodos de síntesis. Uno de ellos
fué el método de co-precipitación, en el que tres diferentes tipos de iones metálicos (Fe3+,
Zr4+ y Y3+) fueron simultáneamente precipitados. El otro método utilizado fué el de
precipitación secuencial. En éste último, se preparo primero una suspensión de bajo grado
de aglomeración de, ya sea, zirconia nanocristalina o particulas de hematita. La síntesis de
las suspensiones de hematita se estudiaron en más detalle. Se encontró que la cantidad de
particulas de hematitas aglomeradas en la suspension, podrían ser reducidas haciendo
pequeños (40 nm) cristalitos superparamagnéticos. Para los métodos de precipitación
secuencial, la segunda fase fué precipitada en suspensiones acuosas de la primera fase. El
resultado de todos lo métodos de precipitación en geles (parcialmente) amorfos fueron
calcinados para producir óxidos de polvo nano-cristalinos.
El método de co-precipitación produjo la distribución más homogénea de especies de
Zr- y Fe-. Cuando el contenido de Fe2O3 fue de <34% en mol, el métdo de co-precipitación
y posterior calcinación a 700ºC produjo soluciones de una fase solida de óxido férrico en
Y-TZP. Esta mezcla de óxidos tiene una estructura cúbica. Cuando se calientó el polvo a
800-900ºC casi todos los iones Fe3+ dejaron la fase de zirconia para formar una fase
separada de hematita. Conjuntamente, la estructura de la fase de zirconia cambio de cúbica
a tetragonal.
Los densos composites hechos de zirconia-óxido de rutenio mostraron alta
conductividad electrónica, especialmente a bajo porcentaje de RuO2 (15% mol), debido a

que su microestructura era inhomogénea. La conductividad eléctrica mostró ser muy
dependiente de la distribución de óxido de rutenio en el composite.
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1. The synthesis of dense nano-nano
ceramic oxidic composites
1.1 Introduction into the field of research
Early in the nineteenth century the scientific evidence was found for the long existing
theory that all matter is composed of discrete entities called atoms. Since then the control
on the assembly of atoms into molecules or bulk structures has taken a big leap. The control
of matter on the micrometer or higher (particle) scale or atomic level (less than 1
nanometer) has improved much more compared to the nanometer scale domain. Only in the
past 2 to 3 decades the synthesis of materials of which the properties and structure on the
nanometer scale are the most characteristic started to advance, concomitant with the
increase of chip technology. In the last few years the scientific community has cherished
the potential of nanosized materials. These entities have distinctly different properties than
bulk material because the number of atoms or molecules at their surface can become
comparable to that inside the particles. Despite the high potential, very few applications
have been developed so far using nanoparticles. The key limitation is the lack of large
quantities of nanosized particles with closely controlled properties at a cost that will allow
scientists and engineers to comfortably explore new practical applications of these particles
as well the science of processing these new materials. Therefore research should be
focussed on developing the science and engineering that would allow the development of
inexpensive technologies for manufacture of nanoparticles that can be densified into
nanocompacts. The synthesis and properties of nanomaterials is a very broad field, too
broad to be totally discussed here. Therefore the specific nano-materials of interest for this
thesis will be defined now.
In this thesis the synthesis of dense nano-nano oxidic dual-phase composites is
described. This title mentions 4 properties of the materials to be synthesised. First of all the
materials should consist out of two phases, while secondly both phases should be oxides.
The third requirement is a density of at least 95%. The fourth, and most important one is
the requirement of nanoscale dimensions for both phases. The building blocks (called
grains) of a nano-nano composite should have all dimension in the nano-domain, that is in
between 1 and 100 nanometer. Figure 1 shows the different type of distributions of grains
of the two phases in a nano-nano composite. The desired nano-nano composite has a
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homogeneous (random) distribution of the grains of the two phases. In this chapter the
synthesis routes that have resulted in dense nano-oxides to date will be discussed. In
general, first a dry (nano)-powder is made that is compacted with a press, after which the
resulting compact (called green compact) is sintered at elevated temperatures. The
processing scheme is shown in Fig. 2.

Fig. 1 Possible distributions of grains in nano-nano Fig. 2 Processsing scheme of ceramics
fabrication
composite

Nano-nano dual-phase composites in which both phases are present as grains with typical
dimensions <100 nm are expected to exhibit physical properties, deviating from those of
coarser-grained composites. If one phase is electron conducting and the other electrically
isolating, special properties can be expected due to Schottky-barrier space-charge formation
in the isolator phase near dual-phase boundaries. The extent of the Schottky-barrier (Debije
length) can be of the same order as the total grain dimension resulting in special electrical
and optical properties. In this chapter also the (expected) properties of oxidic nano-nano
composites will be discussed.
The focus of this thesis is the synthesis of dense oxidic nano-nano dual-phase
composites, not the properties, although they will be discussed too. After discussion of
these literature results the strategies here chosen to make dense oxidic nano-nano dualphase composites will be explained.
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1.2 Synthesis methods of powders that are adequate
to be formed into dense nano-nanocomposites
1.2.1 Required powder properties to obtain dense ceramic
nano-nano compacts
1.2.1.1 Starting particle size must be in the nano-range
The first requirement is that the crystallite size of the phases present is in the nano-range,
since it is very difficult to reduce the crystallite size for crystals with size <100nm,
although it has been claimed that high-energy ball milling can decrease the crystal size.1 If
the strength and formation of aggregates do not increase when decreasing the crystal size,
than it accounts that the smaller the crystals, the more adequate they are for forming nanonano composites.

1.2.1.2 Non-agglomerated powders
It has been shown that the smaller (crystalline) particles are, the larger the (in air always)
attractive van der Waals force will be compared to other forces acting on these particles.2
Due to the increased van der Waals force the particles will approach each other closer,
which will lead to an increase in the amount of chemical bonds that is formed between
different particles. Even if no chemical bonds are formed between particles, the increased
van der Waals attraction on average will keep the particles more close together. This
process is called aggregation. The stronger the interparticle bonds, the more the powder
will resist to densification when compacting the particles, since the interparticle bonds limit
the positional freedom of the particles. This will inhibit the necessary rearrangement of the
particles to obtain a high density when compacting. The more agglomerated a powder is,
the lower the green density will be upon compacting this powder and the larger the
resulting pores. Normally the size of the grains has to be equal to the size of the pores in a
compact to close the pores during sintering. Therefore, the presence of large pores should
be prevented. To obtain a dense ceramic compact with small grains it is important that the
starting powder has a low degree of agglomeration.3

1.2.1.3 Homogeneous mixture
The first two requirements, discussed above, apply for the obtainment of all dense
nanograined compacts. In the case of dual-phase nanocomposites there is a third
requirement. The crystallites of the two phases should be mixed as homogeneously as
possible. It is known that when sintering dual phase powders of which the two phases do
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not dissolve in each other during densification the grains of the one phase normally inhibit
the grain growth of the other phase, which also has been shown to happen with nano-nano
composites.4,5 The more homogeneous the two phases are distributed during sintering, the
more this mutual grain growth inhibition effect will occur.
The phases desired to be present in the final dense nano-nano oxidic composite do not
necessarily have to be present in the starting powder. It can also be that one of the two
phases or even both phases appear only during densification. This has been proven for the
system ZrO2-Al2O3. A solid solution of 25 mol% Al2O3 in 3Y-TZP (3 mol% Y2O3Tetragonal Zirconia Polycrystalline) was formed by simultaneous hydrolysis of a solution
of zirconium, yttrium and aluminium acetylacetonates solution and subsequent calcination
of the resulting powder. When the powder was Hot Isostatically Pressed (HIP) at 1230°C a
dense (>95%) compact resulted with 100 nm sized 3Y-TZP grains and 120 nm sized • Al2O3 grains.6 The dissolved Al3+-ions left the tetragonal zirconia lattice during sintering to
form the second phase. It has also been shown to be possible to densify an amorphous
ZrO2-Al2O3 mixture, made by spray-drying, into a dense tetragonal zirconia-gamma
alumina nano-nano composite with an estimated grain average size of only 12 nm by hotpressing at 700°C and 1000 MPa.7,8 Although the claim of obtaining full density for this
nano-nano composite was not well sustained, it demonstrates nicely the possibility of using
an amorphous powder as starting material for producing a nano-nano oxidic ceramic
composite.
It should be ascertained that the solid solution breaks up into two phases at low
enough temperature to retain nanosized grains. It was shown for example that a 3Y-TZPAl2O3 solid solution made by a coprecipitation synthesis could be densified into a dense
compact by hot isostatical pressing and subsequent sintering at 1130°C. The resulting
compact with grain sizes of 50-100 nm still was a one-phased 0.75*3Y-TZP-0.25*Al2O3
solid solution. Only when HIP’ping at 1230°C the solid solution separated into a two phase
3Y-TZP-• -Al2O3 mixture, of which the grain size had grown to above 100 nm.6

1.2.2 Using solid state processes to make composite powders
It is not possible to produce ceramic nanoparticles just by direct fracture of microcrystalline
powders during mechanical milling,3 but milling can be used to mix two nanocrystalline
powders to obtain a homogeneous nano-nano composite powder.1 Because of the
dominance of adhesive forces in fine powders, dry mechanical mixing processes are not
usually very effective in producing a high-degree of fine-scale homogeneity.9
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1.2.3 Using gas-phase processes
1.2.3.1 Making single-phase powders
There are several gas phase techniques to make nano powders. The most important one is
the gas condensation technique,10 in which a solid is evaporated by Joule heating to form a
supersaturated vapour, out of which nanoscale particles condense, usually on a cold finger.
The requisite supersaturated vapour can also be achieved by other routes, such as electron
beam evaporation, laser ablation, magnetron sputtering, arc discharge synthesis, etc.11
Many different loosely agglomerated nanocrystalline powders can be made by vapour
phase techniques.11 A very recent and elaborate overview of the four types of vapour
synthesis, physical vapour deposition, chemical vapour deposition, aerosol-based
processing routes and flame-assisted techniques, has been given by Choy.12
One of the newest gas phase powder synthesis methods is the Combustion FlameChemical Vapour Condensation (CF-CVC), which uses a flat flame burner in stead of the
hot wall reactor, that was most common with gas phase powder synthesis methods. With
this method crystalline low-agglomerated 3-50 nm sized oxides such as SiO2, Al2O3, ZrO2
and TiO2 powders could be produced.13 The aggregate size of these powders could be
reduced to 100 nm by controlling the time-temperature history of the particles in the hot
zone of the flame.14 The method has been scaled to produce up to 100 g per hour with one
burner and can be even scaled up more by using larger burners.10

1.2.3.2 Making dual phase powders
The vapour phase powder synthesis techniques can produce many different single
component nanopowders, but have rather limited possibilities in producing multicomponent powders. Due to the fact that the produced powders usually are loosely
agglomerated, it is possible to mix different gas-phase produced powders relatively
homogeneous. It was reported that both ZrO2 and Y2O3 powders15 and ZrO2 and Al2O3
powders5 made by the inert gas condensation method were mixed by suspending them in
methanol and giving an ultrasonic treatment to the suspension.15
Recently it was shown that a counterflow diffusion flame burner can be used to
produce core-shell type dual-phase oxide powders. By simultaneous combustion of TiCl4
and SiCl4, TiO2 particles (30-38 nm) were encapsulated by a SiO2 coating layer (10-30 nm)
in a single step.16 It is also possible to use the flame method for synthesising solid solutions,
as was shown by the synthesis of Al-doped TiO2 powders.17
A two-step microwave plasma method also produced core-shell type dual-phase oxidic
nanoparticles. The core particles were produced in reaction chamber one. A gas stream took
these particles into reaction chamber two where they acted as nuclei for the plasma vapour
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of component two. Using this method ZrO 2 particles (4-6 nm) were coated with Al 2O3 (1-2
nm), and vice versa. It was also shown that • -Fe2O3 could be coated with cubic ZrO2.18 Due
to the fact that the particles that leave reaction zone 1 had electrical charges at the surface,
agglomeration of these particles was prevented. Therefore, the particles were individually
coated, instead of the formation of aggregates that were coated as a whole.19 This two-step
microwave plasma method has proven to have the same production rate as the inert gas
condensation, about 50 g/hour.20

1.2.4 Using liquid-phase processes
1.2.4.1 Overview
The amount of different wet chemical synthesis methods to make nanocrystalline powders
is much larger compared to the amount of gas phase synthesis methods. Wet-chemical
methods use direct, often very simple, chemical reactions to produce a product in powder
form. The key to obtaining nanopowders in this field is the manipulating of reaction
kinetics so as to encourage particle nucleation over particle growth.
Most wet-chemical techniques produce amorphous compounds, which are usually
heated in air to drive off water and other volatiles and to crystallise the powder, a process
called calcination. The size of the uncalcined, amorphous powder particles is the minimum
size, calcination often leads to growth and also to the formation of strong aggregates
Therefore when using wet-chemical techniques it is important to minimise the calcination
temperature to limit crystal growth and aggregate formation. A second problem is to obtain
the right distribution of the constituting components. In the next sections several types of
wet chemical techniques will be discussed on their possibility to deliver low agglomerated
nano-powders that can be used to be make nano-nano oxidic composites.

1.2.4.2 Coprecipitation
When performing a coprecipitation the different components can precipitate either
simultaneously or sequentially. If the precipitation of the cations is sequential, the result
probably will be an inhomogeneous distribution of the different components. If the
precipitation of the cations is simultaneously, the homogeneity can be very high, but
calcination will often result in the formation of a solid solution. During sintering phase
separation can occur, however, leading to the desired phases.
The coprecipitation to make YSZ-powder is well known. Zirconia and yttria salts are
dissolved in water or an alcohol and subsequently precipitated with the use of ammonia. A
hydroxide gel was formed that was washed with an alcohol and then dried at 60°C to obtain
a loosely agglomerated powder.21 After calcination at 450°C this powder could be sintered
to 100 % density at 1070°C, with a resulting average grain size of only 72 nm. 21 The result
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in this case was a single-phase nano material. Coprecipitation synthesis has also been used
to make dual phase nano-nano composites. A ZrO2-SiO2 nano-nano composite could be
made by hot-pressing at 1350°C and 20 MPa, using a co-precipitated powder that was
calcined at 700°C.22 Replacing the water by an alcohol before drying has proven to be an
important step to prevent agglomeration.23
It has been reported that the microstructure of 3Y-TZP powder prepared by
coprecipitation of chloride salts was a better start for densification than 3Y-TZP powder
prepared by the alkoxide synthesis. The co-precipitated powder consisted of more regular
shaped and denser agglomerates, while the alkoxide powder had irregular shaped, porous
agglomerates. This powder structure led to a bimodal pore distribution in the green
compact, which is not beneficial for further densification during sintering.24

1.2.4.3 Precipitation of component two in a suspension of
component one
If particles are already present in the liquid, the second component that is precipitated can
precipitate either directly on the surface of the other component, or it can precipitate in
solution. If precipitation occurs on the surface of the suspended particles, a high
homogeneity is guaranteed, as was shown for silica coated with yttria and yttria coated
silica.25 If precipitation in solution takes place, a homogeneous distribution can still be
obtained if hetero-coagulation is preferred above homo-coagulation. More preferable,
however, is that no coagulation takes place at all.

1.2.4.4 Spray- and freeze-drying
Spray-drying often results in the formation of hard and large agglomerates and is therefore
not very adequate to make powders that can be densified into nano-nano ceramic
composites.26 Freeze-drying has proven to be good method to produce homogeneous
loosely agglomerated powders.27 Freeze-drying of a solution of cerium acetate and
subsequent calcination resulted in a fine powder that could be densified by hot-pressing
into a dense nanocompact. Comparisons between the densification of freeze-dried and
vapour phase produced CeO226 and TiO228 showed that the powder made by freeze-drying
was more easily densified than the powder made by the inert gas condensation, due to less
agglomeration in the freeze-dried powders.

1.2.4.5 Hydrothermal treatment
The hydrothermal treatment is a method that has as main advantage that it results normally
in weakly agglomerated powder. The suspended amorphous gel is not dried and calcined
but in stead heated in an autoclave with a certain pressure until the gel has crystallised. The
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temperatures that have to be used to crystallise the gel usually are much lower compared to
those needed for calcination in air. It has been shown that the crystallisation temperature of
3Y-TZP could be lowered from 400-500° to 200°C, when using hydrothermal treatment in
stead drying and air calcination. Furthermore, it was shown that a powder made by
hydrothermal treatment could be densified more easily compared to an identically
precipitated but air calcined powder.21,29,30 A 3Y-TZP powder made by coprecipitation and
subsequent hydrothermal treatment could be sintered to 95% density at 1050° without using
any pressure. The resulting grain size was 95 nm.30

1.2.4.6 Sol-gel
This technique has extensively been studied since it enables synthesis of many different
powders and a large control on the composition and morphology of the produced powders.
A well known example of the sol-gel method is the hydrolysis of an alcoholic solution of
alkoxides. Both 3Y-TZP31 and TiO232,33 powders made by sol-gel method and subsequent
calcination have been densified into dense nanograined (90 respectively 84 nm average
grain size) compacts.

1.2.4.7 Gel-combustion methods
These methods are based on the gelling and subsequent combustion of an aqueous solution
containing salts of the desired metals (usually nitrates) and some organic fuel. The
combustion process is due to an exothermal redox reaction between nitrate ions and the
fuel. The large volume of gases produced during the reaction promotes disintegration of the
over-inflated precursor gel yielding a nanocrystalline powder after calcination.
Nanocrystalline Al2O3-ZrO2 powders made by this method using urea as fuel have been
densified by HIP at 1200° into a dense (99%) compact with average grain size < 100 nm. 34
A major disadvantage of this method is that the combustion often leads to the formation of
strong and irregular agglomerates that can not be easily densified.

1.3 The densification of nanopowders into dense
nanograined compacts
1.3.1 Green compact formation
1.3.1.1 Green compact formation using standard techniques
Not much systematic research into the formation of green compacts using nanopowders has
been performed. In general it can be stated that the same rules apply as to micronsized
crystals, that a higher green density, small pores and a homogeneous distribution of the
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porosity will promote densification during sintering. The pores should not be larger than the
particles. If the green compact does not have a uniform density distribution, this can lead to
problems during sintering, such as low end-densities or even cracking of the material.
Uniaxial pressing techniques can use higher pressure compared to isostatic pressing, and
therefore produce denser green compacts. Yet isostatic pressing is often preferred above
uniaxial pressing, because uniaxial pressing can result in inhomogeneous density
distributions.3
The green density is very much dependant on the powder properties. Strong
agglomerates in the powder will resist densification during pressing. If the agglomerates are
irregularly shaped, this will also lead to a low green density.29 The majority of the
nanocompacts so far was either uniaxially5,35,36 (UP) or isostatically21,30,37 (IP) pressed at
moderate (< 500 MPa) pressures before sintering. Often the powders were pre-pressed
uniaxially at low pressure (<200 MPa) to form the compact without creating density
gradients and subsequently pressed isostatically at higher pressure to obtain a high green
density while retaining the homogeneous density distribution.4,15,38 The densities of
ZrO2,39,40 Al2O3,36 3Y-TZP21 and ZrO2-Al2O35 green compacts compacted by standard
isostatic or uniaxial pressing techniques at p<1200 MPa varied from 40% to 58%. All these
green compacts could be sintered into dense nanocompacts.

1.3.1.2 Green compact formation of nanopowders using highpressure (>1GPa) techniques
Nanopowders have been compacted to very high green densities with the use of a toroidal
press apparatus (see table 1).41,42 The obtained green densities are higher than the maximal
density obtainable with a random close packing of spheres. This demonstrates the
extraordinary plastic deformation of nanomaterials. The disadvantages of the use of these
ultra high-pressure techniques are the normally relatively high costs and the small size of
the compacts that can be made. A further disadvantage is the high stresses introduced,
increasing the brittleness of the material.
Table 1 Comparison of green densities of nano compacts made by high-pressure techniques. CFCVC = Combustion Flame Chemical Vapour Condensation, IGC = Inert Gas Condens ation
Powder

Synthesis method

Pressure MPa

Density (%)

Reference

Al2O3
Al2O3
TiO2
TiO2
TiO2
TiO2

CF-CVC
CF-CVC
IGC
IGC
IGC
IGC

500
8000
500
2500
5500
8000

55
83
64
79
91
93

42
42
41
41
41
41
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1.3.1.3 Wet consolidation of nanopowders
If powder particles with uniform agglomerate size can be obtained, wet consolidation
techniques can produce very high green densities. It was shown for micron-sized bimodal
(alumina) powder particles (10-0.1• m) to be possible to make very concentrated
suspensions with 70 vol% solid.43 An alumina green body with a density of 78% could be
obtained via this concentrated suspension. Zirconia colloidal particles with an average size
of 0.27 • m and a narrow size distribution could be processed to form a suspension with 42
vol% solids loading. By using centrifugal casting this suspension could be formed into a
green body with 58% density.44 No investigations on the wet consolidation of loosely or
non-agglomerated nanopowders have been reported up to date, since there are only few of
these powders. Thus, it is unclear to what extent wet processing can be helpful in the
densification of nanopowders.

1.3.2 Sintering
1.3.2.1 Minimising grain growth and maximising densification during
sintering of ultrafine particles
The temperature of the green compact has to be raised until significant diffusion starts to
take place. Unfortunately, the fact that diffusion is required for densification leads to a
fundamental problem, since grain growth occurs by the same mechanism. Therefore
sintering strategies have to be used that promote densification but do not stimulate grain
growth as well. The densification and grain growth processes have to be decoupled. 3

1.3.2.2 Pressureless sintering of nanocompacts: mechanism
Thermodynamically, powders are unstable due to the large surface area. Nanoparticles
adopt different surface energies compared to
larger particles, for instance, by a different
local atomic arrangement at the surface.
Kinetically, sintering of nanopowders is
significantly enhanced. Sintering of many
nanocrystalline powders indicated depressed
sintering onset temperatures (0.2-0.3*Tm) as
compared to microcrystalline powders (0.50.8*Tm).45
Pressureless sintering is an easy, the
most common and cheapest sintering
Fig. 3 Different stages in densification of
compacts
method to be used. Conceptually, sintering
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can be divided into three stages, as is shown in Fig. 3. In the first stage, necks are formed
by diffusion between adjacent, touching particles. The neck formation increases the
mechanical strength of the compact, but does not lead too much densification.3 Molecular
dynamics simulations indicated extremely fast sintering behaviour for nanoparticles,46 that
can not be explained by surface diffusion only. Other mechanisms have been proposed to
account for this fast sintering behaviour. It has been speculated that in this first stage a
major difference arises between nano and larger grained materials, in that fast surface
diffusion may allow the small grains to slip past one another along the grain boundaries and
rearrange in a more packing efficient manner.47 TEM studies of nanoparticles confirmed
that after neck formation the adjacent particles rotate to achieve a minimum in grain
boundary energy.48 At this point, the contribution of various diffusion mechanisms, or a
change in the sintering mechanism is possible, at least in the initial densification stage.45
After the first sintering stage the ceramics contain an interpenetrating network of
tubular open pores. In the second stage the density increase to approximately 90%. In the
ideal case, the open tubular pores shrink in radius but not in length, thereby leading to
sample densification until the pores have such a small diameter/length ratio that they
ultimately collapse due to Raleigh instabilities. By virtue of localised collapse, the open
tubular pores then form closed spherical pores. The gradual shrinkage and elimination of
these closed pores then marks the third and final stage of sintering. This general process is
the same for ceramics with nanosized and larger grains.3
The most common problem in sintering of nanoparticles (nanosintering) is the
elimination of large pores that originate from the green compact. The conventional
thermodynamic treatment of the pore shrinkage was applied to nanoceramics sintering by
Mayo.3 The critical pore-to-grain size ratio concept that applies to sintering of coarsegrained compacts also is applicable for sintering of nanocompacts. Pores smaller than the
critical size will shrink, while larger pores undergo pore-boundary separation. Mayo3
developed a modified sintering law that directly accounts for pore size effects on
densification rate:• = density, d = particle size, n = constant depending on the sintering
1

dρ

∝

1 1

e

F −Q I
H RT K

(1.1)

ρ(1 − ρ) dt
d r
mechanism, r = pore radius, Q = activation energy, R = gas constant, T = absolute sintering
temperature
This equation predicts that the highest densification rate occurs for the finest pore size.
A small pore size is also critical in controlling the final grain size based on the pore pinning
effect. For these purposes, a small and uniform pore population is desired in the green
compact.
n
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It has also been shown that open pores severely inhibit grain growth. When the density
becomes higher than 90%, grain sizes increase rapidly during sintering. Grain growth
follows a conventional rate law:3

G n − G0n = kt

(1.2)
G = instantaneous grain size, G0 = initial grain size, k = rate constant with an Arrhenius
dependence, t = time, n = grain-growth exponent
The value of n has been reported to vary from 1 to 20 for different nanomaterials,47,49
but also varied for the same compact in the different densification regimes, which makes
the predictable value of this equation rather low.47

1.3.2.3 Pressure sintering of nanocompacts: mechanism
The following equation to describe the strain rate ε was formulated, if a pressure was
applied during sintering:50

1/ε =1/ εv +1/ εb

(1.3)
εv = strain rate originating from volume
diffusion (proportional to σ/d2), εb = strain
rate originating from bulk diffusion
(proportional to σ2/d), σ = applied stress, d =
grain size
Thus, the following relation exists
between the strain rate and the applied stress
and grain size:

ε = 1/ (d / σ + d / σ )
2

2

(1.4)

The larger the grain size, the smaller the
strain rate. A calculation made by Burggraaf
et al.51 led to an estimated deformation rate
Fig. 4 Driving forces for densification during
of 0.01 s-1 for a Y-TZP ceramic with a grain
pressure sintering
size of 50 nm and a stress of 10 MPa. When
sinterforging nanopowders, a threshold stress was assumed below which there is no
contribution to densification by the applied pressure, as is shown in Fig. 4.52 For >20 nm
sized-grains, however, high pressures can increase the driving force for densification. Using
pressure during densification can be a convenient solution to the grain coarsening problem
at densities above 90 %.
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1.3.2.4 Sintering of ZrO2 nanocompacts
The largest amount of nanocompacts that were made were zirconia ceramics. The key to
success in the zirconia system appears to be twofold. First, the grain growth rate for ZrO2
(especially when stabilised with Y2O3) is already one of the slowest of all single-phase
ceramics.3 Second, and quite surprisingly, grain growth is not greatly affected by pore size
in the system. The grain size in sintered zirconia ceramics was reported to be largely
independent of the green density of the compact before sintering and primarily a function of
time and temperature. Lower temperatures were sufficient to obtain dense compacts with
smaller grain sizes. 3
Table 2 Comparison of dense ZrO2 nanocompacts prepared to date. IGC = Inert Gas Conde nsation,
CVS = Chemical Vapour Synthesis, PSV = Pressureless Sintering in Vacuum, PSA =
Pressureless Sintering in Air, SFX = Sinter-Forging at X MPa
Powder
Synthesis

Green
Density

Sintering
method

Sintering
T (°C)

(%)
IGC
CVS
IGC
IGC
IGC
IGC
IGC
CVS
IGC
IGC

45
54
45
45-50
45
52
45-50
54
50
46

PSV
PSV
PSA
SF300
PSV
PSA
SF200
PSV
PSV
PSV

975
950
1125
950
975
1200
950
900
1050
800

Hold
Time

Sintered
Density

(min)

(%)

40
180
60
180
< 40
60-240
180
180
120
?

100
100
99
99
97
96
96
96
95
95

Grain
Size (nm)

RefeRence

60
60
80
45
50
63
42
50
51
48

39,40
53
39,40
52
39,40
5
52
53
15
54

Table 2 makes clear that pressureless sintering in vacuum was more successful in obtaining
small-grained dense nanocompacts compared to pressureless sintering in air (63 nm in air
versus 48 nm in vacuum).54 It was observed that during the initial stages of sintering the
growth of pores larger than the critical pore size was less for vacuum sintering compared to
air sintering.53 The improved densification under vacuum was attributed to several causes,
such as removal of air and other adsorbents from the pores,54 enhanced particle repacking
during coarsening55 and enhanced diffusivity promoted by oxygen vacancies created under
vacuum at high temperatures.56 Using vacuum sintering it was also possible to make a
transparent, 100% dense ZrO2 compact of a few millimeters thick with average grain size
of 60 nm.53
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Sinterforging was even more successful
in making dense small-grained ZrO2
compacts than pressureless sintering in
vacuum.39,40 The density but also the
average grain size increased with increasing
pressure.39,40,52 A threshold stress of 35 MPa
was shown to exist when sinterforging
nanocrystalline ZrO2 powder with 6 nm
crystallite size. Below the threshold stress
no densification occurred, above the
threshold stress density increased linearly
with applied pressure. If a more coarse
Fig. 5 Influence of applied pressure during
grained powder (12 nm crystallite size) was
sinterforging of ZrO2 powders
sinterforged, the threshold stress decreased,
but the densification as a whole was retarded, as can be seen in Fig. 5. The threshold stress
thus was shown to be a function of the initial particle size, but also of the grain size at the
time of application of load.39,40,52
Hot-pressing of nano ZrO2 powders was compared with pressureless sintering in
vacuum and sinterforging. In achieving small-grained dense nano ZrO2 compacts,
sinterforging was most successful, followed by hot-pressing and then pressureless vacuum
sintering,39,40 With sinterforging a 99% dense ZrO2 compact with 45 nm average grain size
could be made by heating at 950°C and 300 MPa pressure. 52

1.3.2.5 Sintering of 3Y-TZP nanocompacts
The formation of a solid solution of 3 mol% Y2O3 in ZrO2 leads to stabilisation of the
tetragonal phase. It was reported that the yttria in yttria doped zirconia segregates to the
grain boundary, leading to enrichment of Y3+ at the grain boundaries.57 The enrichment of
the grain boundaries with yttria has been claimed to oppose grain growth during
densification. 3Y-TZP nanocrystalline powders have successfully been densified into dense
(>95%) nanograined compacts, as can be seen in table 3.
To obtain a density > 95% it was often necessary to use a temperature that lead to
grains with size > 100 nm.15,38,62 When using hot-pressing in vacuum at a high pressure
(500 MPa) it was possible, however, to densify these mixed ZrO2-Y2O3 powders to a high
density (96%) while retaining a very small grain size (24 nm). This is the smallest grain
size reported for a dense 3Y-TZP compact.61 Sinterforging mixed ZrO2-Y2O3 powders also
lead to a compact with a high density (99%) and small average grain size (40 nm).60.
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Table 3 Comparison of dense 3Y-TZP nanocompacts prepared to date. (S)ASG = (Seeded)
Alkoxide Sol-Gel, CP = Co-Precipitation, IGC = Inert Gas Condensation, ASG =
Alkoxide Sol-Gel, CPHT = Co-Precipitation Hydrothermal treatment, PSA = Pressureless
Sintering in Air, SFX = Sinter-Forging at X MPa, PECSVX = Pulse Electric Current
Sintering in Vacuum at pressure X, HPVX = Hot-Pressing in Vacuum at pressure X, PSV
= Pressureless Sintering in Vacuum
Powder
Synthesis

Green
density
(%)

Sintering
method

Sintering
T (°C)

Hold
time
(min)

Sintered
density
(%)

Grain
size
(nm)

Reference

ASG
CP
SASG
IGC
ASG
CP
ASG
CP
IGC
CP
CPHT
IGC

43
58
45

PSA
PSA
PSA
SF?
PSA
PSA
PECSV50
PSA
HPV500
PSA
PSA
PSV

1070
1050
1050
1050
990
1050
1100
1050
950
1000
1050
1000

120
300

100
99
99
99
98
97
97
96
96
95
95
94

72
85
86
40
38
60
90
50
24
80
95
45

21,37
58
59
60
21,37
47
59
47
61
47
30
61

43

54

120
420
180
90
6000
300
60

Recently it was reported that a mixed ZrO2 and Y2O3 powder was densified to 94% density
by (pressureless) vacuum sintering at 1000°C with an average grain size of 45 nm.61.
The majority of the 3Y-TZP powders has been densified by pressureless sintering in air,
leading to a smallest reported grain size of 38 nm for a 98% dense compact.21,37 A very low
sintering temperature of 990°C was sufficient to densify the powder, although the starting
green density of 43% was rather low. The good densification behaviour of the powder was
attributed to a very uniform green microstructure with a narrow pore size distribution and
no detectable compacting defects. This uniform microstructure was probably due to the
small size (100 nm) and softness of the agglomerates, which was caused by thoroughly
washing the precipitated gel with isopropanol before drying. 21,37
The probing of the influence of the densification rate of compacted mixed ZrO2 and
Y2O3 powder on the microstructure lead to the conclusion that it is important to heat slowly
during sintering, preferable with 2°C/min. Higher heating rates lead to differential
shrinkage in the compact resulting in poor densification and the formation of large pores.
Yoshimura reported that a high heating rate exhibited more enhanced densification than
slow sintering and also lead to smaller grain size at full density.59 It is not clear why in this
case the high heating rate was beneficial. It may be that the microstructure was more
homogeneous, allowing higher heating rates.
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1.3.2.6 Sintering of ZrO2-Al2O3 nanocompacts
ZrO2 and Al2O3 powders, both made by gas phase techniques, were mixed (86:14 wt%) and
densified either by pressureless sintering in air or in vacuum.5 The composite could not be
sintered dense in air below 1200°C, but in vacuum, however, attained a density of 98% at
1200°C. It was reported that the grains of this dense compact were <100nm and that the
alumina grains had an inhibiting effect on the grain growth of the zirconia grains.5 The
inhibiting effect of alumina on the grain growth of zirconia was reported previously. 59 Also
for the densification of ZrO2-Al2O3 nano-nanocompacts the use of pressure during sintering
was proven to be the most successful method to obtain a dense nano-nano composite. By
hot isostatic pressing of an alkoxide derived powder of a metastable solid solution of
zirconia with 25 mol% alumina nanocrystalline ceramics with a homogeneous
microstructure and a grain size of 50 nm (at a relative density of 97%) were produced. 63,64

1.3.2.7 Sintering of TiO2 nanocompacts
Titania nanocompacts are the most studied ceramic oxidic nanocompacts. Just as for the
ZrO2 system, also for TiO2 it was shown that addition of Y2O3 limited grain growth during
sintering. A pressureless sintered titania sample yielded 90% density with a 50 nm grains
size, while the yttria doped titania had a 100% density with grain size of only 30 nm. It was
shown that also in this case yttria was concentrated at the grain boundaries.65
When applying pressure, the sintering temperature and grain size at full density of
titania can be drastically reduced. This is due to the phase transformation of anatase to
rutile.66 It has been shown that when pressure is applied during sintering, multiple
nucleation takes place. The grain size of the rutile grains can be smaller compared to the
parent anatase grains. This multiple nucleation effect severely impedes grain growth during
sintering.66
TiO2 has been densified at a temperature as low as 400°C to a density of 96% with a
resulting grain size of only 20 nm. Due to the multiple nucleation mechanism the grain size
after sintering decreased with increasing pressure.41 Sinterforging titania powder at 600°C
with 1 GPa lead to a 95% dense compact with an average grain size of only 14 nm, as
measured by XRLB. This is the smallest grain size reported for a dense titania compact.67
All the so far reported titania nanocompacts were made using powder made by the inert gas
condensation method. Wet-chemically prepared titania powder could be densified (99%)
into nanocompacts as well (grain size 34 nm), at 600°C and 500 MPa. 28

1.3.2.8 Sintering of CeO2 nanocompacts
The third major group of dense oxidic ceramic nanocompacts is the group of ceria
nanocompacts. The ceria nanocompacts have the smallest average grain reported for any
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oxidic nanocompact. Both ceria powders made by the inert gas condensation and by
calcination of a freeze-dried acetate precursor solution were hotpressed in air at 600°C at
1100 MPa. The resulting compacts were both fully dense and had an average grain size of
10 nm, as determined by both TEM and XRLB.26 Ceria doped with Gadolinium
(Ce0.98Gd0.02O2-x) could be fully densified into a compact with only 13 nm average grain
size, using hot-pressing at 650°C at 800 MPa.68
Dense ceria compacts could also be made without using pressure, by adding CaO. The
CaO segregated at the grain boundaries, thereby impeding grain growth during
densification. Full density was achieved by sintering pressureless at 1350°C.
Notwithstanding the high sintering temperature, the resulting grain size was only 30 nm.69
A dual-phase ceria-bismuth oxide nanocompact also has been made by uniaxially pressing
a coprecipitated and subsequently hydrothermally treated powder at 800°C at 40 MPa. The
ceria in the fully dense compact had a grain size of 13-19 nm, while the grain size of the
minority phase BiO1.5 was < 30 nm. 70

1.3.2.9 Sintering of other oxidic nanocompacts
Not many other oxide powders have been densified into nanocompacts. Al2O3 powder
made by gas phase synthesis was pressed at 8 GPa at 800°C. This resulted in a 98% dense
compact with 49 nm average grain size.42 When using a lower sintering pressure of 1 GPa,
a temperature of 950°C was necessary to obtain full density (99%). This resulted in a
compact with 93 nm average grain size.36 Obviously, alumina is more difficult to densify
into a nanocompact than zirconia, titania and ceria. The synthesis of a fully dense cubic
Y2O3 nanocompact was achieved by doping with 1% MgO. An average grain size of 60 nm
by pressureless sintering at 1000°C was obtained. 71

1.4 Properties of nanomaterials
1.4.1 Structure of nanomaterials
When research on nanomaterials started, in the early eighties, they were visualised as
materials, with no short or long-range order.72 In the mean time it has become clear that the
structure of nanomaterials is substantially deviating from large-grained materials.
Nanomaterials assembled of nanometer-sized building blocks are microstructurally
heterogeneous consisting of building blocks (e.g. crystallites) and regions between adjacent
building blocks (e.g. grain boundaries). A schematic representation of the structure of a
dense nanograined material is shown in Fig. 6. The black dots represent the core of the
crystals, the white dots are the grain boundary regions in between the crystals.73
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The grain boundaries have a reduced atomic
density and a modified atomic structure in
comparison to the perfect lattice. This is
thought to be caused, amongst others, by a
poor matching of the crystal lattices caused
by different crystallographic orientations of
The
highly
neighbouring
grains.74
nonequilibrium
grain
boundaries
of
nanomaterials cause high internal strains in
the material. A model has been made to
predict the volume expansion of ultra-fine
Fig. 6 Model of a nanostructured material
grained material due to the presence of these
low-density grain boundaries. This model
agreed reasonably well with experimental results in literature. 75 The non-equilibrium nature
of the grain boundaries can be resolved to a large extent, however, by annealing.76 The
grain-boundaries have been visualised as a cement-like phase connecting the nanometer
sized grains.77
Many predictions have been made about the density of grain boundaries. It has been
stated that the density would be 10-30% lower compared to the interior of the grains.74 Up
to now, no proof has been given for the existence of such low densities. It was shown for
nanocrystalline Ni and Ni3Al3 produced by severe plastic deformation that the lattice
parameters in the grain region of width 6-10 nm were increased with 1 to 1.5%.78 It was
shown for some nanocrystalline materials, that not only the grain boundaries have a
distorted structure, but that the lattice structure of the crystallites in the nanocompacts as a
whole is distorted as well. Elongations of the lattice parameters of up to 0.3% were reported
for the bulk of nanograined metals.79
It was shown for ultrafine particles that grain size substantially influences surface
tension when the radius is <10 nm. Depending on the shape and form, the surface tension
could either increase or decrease. 80 This effect can be expected for nanocrystallites in dense
materials as well.

1.4.2 Effects controlling the properties
Special properties of nanomaterials can be expected due to several effects. The first effects
are size effects. These effects become important if the size of the building blocks is reduced
to critical length scales of physical phenomena (e.g. the mean free paths of electrons or
phonons, a coherency length, a screening length, etc.). Due to the size-factor the electrical,
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magnetic and optical properties of materials can change. The photoluminescence spectrum
of ZnO particles, for example, changed when the size decreased to below 10 nm.81
The second type of effects are structural effects. The atomic structure of the material
changes in the grain boundary region, as shown in Fig. 6. A solid containing a high density
of grain boundaries can be considered as a material with a very high defect concentration.
The volume fraction of defects can become that high, that the properties of the material
change.
It can be expected that the distinctive properties of nanocrystalline materials emerge in
nanocrystalline composites rather than in single-phase nanocrystalline materials. In addition
to the grain boundary components of two kinds of grains, the variation in atomic bonding,
lattice misfit and related relaxation in the structure of the interfaces are reflected in the
macroscopic properties of nanocrystalline composites.

1.4.3 Superplasticity
Nanocrystalline materials manifest superplasticity at lower temperatures and faster strain
rates than their larger-grained counterparts. The enhanced superplasticity can however
disappear during deformation due to a combination of static and dynamic grain growth.
Despite this limitation, applications such as near net shaping, diffusion bonding, thermally
mismatched composite structures, and flaw-free processing are already under development.
The high superplasticity of nanomaterials is explained by increased grain boundary
sliding.82
Polycrystalline yttria partially stabilised zirconia (Y-PSZ) has been shown to exhibit
very large elongations in high temperature deformation experiments.83 While tests in
compression of nanophase ceramics have been carried out successfully showing extensive
deformability,84 there is still no evidence for large elongations in tension due to the
difficulties in fabricating large ceramic parts which are fully dense and maintain grain size
on the nanoscale. Recently, remarkable tensile strains were obtained in the composition 3YTZP + 12 wt% Al2O3. A specimen could be elongated 60% after pulling at 1250°C. A
maximum stress of 47 MPa was applied resulting in a maximum strain rate of 3*10-5 s-1.
Extensive concurrent grain growth from 30 nm up to 126 nm occurred during the test while
the density decreased from 94% to 81%.62 It has been shown that the temperature at which
superplasticity occurs was much lower for a nanocrystalline TiO2 compact compared to
larger grained compacts.35

1.4.4 Mechanical properties
Both TiO285 and ZnO86 nanocrystalline materials were investigated with the nanoindentation technique, since only small samples could be prepared. The mechanical
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properties were found to vary greatly in both samples, indicating large microstructural
inhomogeneity. The problem with many of the investigations of the mechanical properties
of nanocompacts is that often compacts that were investigated were not dense, which makes
it impossible to correlate the grain size with the mechanical properties.86 The density will
influence the mechanical properties to a larger extent than the grain size.
The hardness of nano-zirconia-alumina ceramics has been reported to be low
compared to large-grained materials. This low value for the hardness was explained by
grain boundary sliding.34 The low hardness values are expected to increase toughness
values. This was indeed observed, when comparing nanograined zirconia-alumina with
large grained composites.34 Toughness values of nanocrystalline ceramics are not reported
much in literature, and if so, the compacts studied were usually not dense. No systematic
investigation on the influence of the grain size of dense nanoceramics on the mechanical
properties has been reported.

1.4.5 Electrical properties
The critical grain size where the electrical properties of ceramics and metals will become
grain-size dependent has been predicted to be 10 nm.87 A typical example is a dispersion of
Au-particles in a silica gel. This material has a very high dielectric constant as a result of
topology, small grain sizes and the metallic nature of the Au.88
By decreasing the grain size of dense CeO2-x from above 100 nm down to 10 nm it was
possible26 to increase the electronic conductivity with a factor 100. The grain boundary
impedance was greatly reduced and the heat of reduction per oxygen vacancy was
decreased with 2.4 eV compared to the coarse grained material.26 These effects could be
explained by the fact that the nanograined compact had a higher non-stoichiometry. It was
shown that the crystalline order of the bulk of the nanograins was identical to the
micronsized grains. The higher electronic conductivity therefore was attributed to increased
concentration of defects at the grain boundaries. It was shown that the conductivity did not
scale with interfacial area, though. If the materials were annealed at 700°C the conductivity
decreased to the same level as that of micron-grained ceria compacts.68 This large amount
of defects was introduced by the high pressure used to densify the material. The materials
were made by hot-pressing at 600°C at 1.1 GPa.
It was shown that for a nanocrystalline dense 3Y-TZP sample with 25 nm average
grain size, the specific oxygen-ionic grain boundary conductivity was 1-2 orders of
magnitude higher compared to that of microcrystalline samples. This was attributed to a
lower content of impurities at the grain boundaries, due to the larger grain surface area.
Since the total amount of grain boundaries in the fine grained compact was much higher
compared to the larger grained compacts, the total ionic conductivity did not increase.61
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1.4.6 Conclusions
Major improvement in properties due to the nanosize of the grains of oxidic dense ceramic
materials has been obtained for the superplasticity. Regarding other structural (mechanical)
properties, obtainable improvements are still unclear. All changes in electrical behaviour of
nanograined ceramic materials reported so far were caused by structural changes too.

1.5 Overview over the project
As already mentioned at the beginning, the focus of this thesis is the synthesis of nano-nano
ceramic composites. Not many systematic studies have been performed to investigate the
synthesis parameters that influence the resulting microstructure of nano ceramics. Most
nano ceramics made so far were single phase materials. It was shown that it is possible to
make dense nano grained ZrO2, 3Y-TZP and TiO2. The only example so far of a dense
nanograined ceramic composite is the ZrO2-Al2O3 system. . Size factors on the properties of
nanograined materials can be expected to play a bigger role for composites than for singlegrained materials, since the properties of phase one may change the properties of the other
phase due to size factors. These synergetic effects can not occur in single-phase
nanomaterials. Therefore, the synthesis of dual-phase nano-nano ceramic composites may
lead to new materials.
The routes chosen here are all wet-chemical methods. Nanoscale dual phase particle
consolidation to a homogeneous dense-packed structure is performed by colloidal
processing methods such that any preferential clustering/agglomeration is avoided. The
particle compacts obtained are sintered to near full density at relatively low temperatures, in
some cases assisted by elevated pressure. If clustering of, for instance, the minority phase
can be suppressed completely during the whole preparation procedure, it is possible to
obtain minority-phase grains in a dense ceramic composite with the same size as in the
initial (green) stage.
Since it was shown that 3Y-TZP is one of the few ceramic oxides that can be densified
into a nano ceramic compact, and also because it has interesting oxygen ion conduction
properties. It was chosen as one of the two phases. The second phase that was used was
either • -Fe2O3 (hematite) or RuO2 (ruthenia). Hematite was chosen because its chemistry
has been elaborately researched, making the route to synthesise zirconia-hematite nanonano composites relatively short. Furthermore, hematite is a semi-conductor, which
facilitates the investigation of the size-factor on electrical properties. Ruthenia was chosen
because it has an electronic conduction comparable to metals, which increases the chance
of finding interesting properties.
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The start of the production of nano-nano ceramic composites is the synthesis of loosely
agglomerated powders of nanocrystalline particles. The majority of this thesis describes the
synthesis of powders that can be used to make nano-nano ceramic composites.

1.6 Scope of the thesis
Chapter 2 describes the synthesis of suspensions of non-flocculating nanocrystalline
hematite particles. These suspensions can be used as a start for the synthesis of zirconiahematite composite powders. Chapter 3 actually describes the synthesis of zirconiahematite composite powders. Both the homogeneity and the phase composition of these
powders are investigated. Chapter 4 describes the synthesis of zirconia-ruthenia composite
powders. Again the phase composition and homogeneity of the powders are investigated.
Chapter 5 describes the densification of the zirconia-hematite powders into dense
nanograined composites. The powder synthesis method is correlated with the
microstructure of the densified compacts. Chapter 6 describes the densification of the
zirconia-ruthenia powders into dense ceramics. The electrical conductivity of these
composites, determined by four-point measurements, was correlated with the
microstructure. In chapter 7 the electrical and ionic conductivity of the zirconia-hematite
composites, determined by impedance measurements, is correlated with their
microstructure. In chapter 8 finally, conclusions about the synthesis and properties of nanonano ceramic composites are drawn at it is outlined which ways have to be chosen in future
to obtain nano-nano ceramic composites that can have interesting properties.
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2 The synthesis of non-agglomerated
nanocrystalline hematite (α
α-Fe2O3)
suspensions
2.1 Abstract
The synthesis of nanocrystalline hematite particles is described. These particles were made
by dissolving ferric salts in hydrochloric acid and heating at 100°C for a certain period.
This led to a hydrolysis reaction causing the formation of hematite particles. The influence
of salt concentration, type and amount of additions used, as well as the sequence of
additions on the resulting precipitates were studied using TEM and XRD. The magnetic
behaviour was characterised by magnetisation measurements.
It was found that small changes in the reaction conditions led to large changes in final
size, shape and degree of aggregation of the hematite particles. A well-defined sub-rounded
morphology, 41 nm Ø and low degree of aggregation could only be obtained with a salt
concentration of 0.02 M. The low degree of aggregation is partly ascribed to the
superparamagnetic nature of the particles. Larger salt concentrations led to the formation
of irregularly shaped, aggregated hematite crystals.

2.2 Introduction
Hematite is the oldest known iron oxide mineral and is widespread found in soils and rocks.
It is extremely stable and is often the end member of transformations of other iron oxides. It
is named after the Greek word haimatitis, which means blood red, in allusion to its colour.1
As for all iron oxides, it shows magnetic behaviour, which for hematite is rather complex.
Macroscopic crystalline hematite exhibits weak ferromagnetism superimposed on the
antiferromagnetism. This ferromagnetic component results from small spin canting out of
the basal plane.2,3 Hematite has applications as catalyst,4 sensor,5 optical6,7 and magnetic
devices. The focus of this study is the synthesis of nanocrystalline hematite.
The precipitation and growth of hematite crystals in solution has been investigated
elaborately.1 The mechanism of growth and the resulting crystal morphology depend upon
solution conditions, in particular the level of saturation, the nature of the solvent, the
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presence of foreign ions, and also on the structure of the growing crystal surface. The
morphology of hematite particles precipitated by hydrolysis of Fe3+ solutions is very
sensitive to these parameters. Both adsorbed and incorporated foreign ions can alter the
relative free energies of different crystal faces and their growth rates and hence modify the
crystal habit. In some cases, low levels of impurities enhance the growth rate of a particular
face, whereas high impurity levels block growth.1 Almost all imaginable crystal shapes
have been found for hematite.1 The most found crystal habits are hexagonal plates,8,9
spheres10,11 and rhombohedra.10 Spindles,11 rods,12,13 ellipsoids,10,14 cubes,10,9 discs,9 double
ellipsoids and stars,10 and other shapes have been found as well. Each of these shapes can
be obtained by more than one synthesis route.
Two common ways of producing idiomorphic hematite crystals are via ferrihydrite in
neutral to alkaline media and by hydrolysis of Fe(III) salt solutions at low pH.1 By adding
citrate or maltose, rods can be formed,12,13 while addition of oxalate results in ellipsoidal
hematite crystals.15 Spindles could be made by adding phosphate.13,16 Uniform, cubic
crystals were formed by hydrolysis of FeCl3 in ethanol/water17 and ellipsoidal crystals in
ethylene glycol/water solutions.18
Hematite grown by hydrolysis of acid Fe(III) salts (by heating at 100°C) also shows a
range of crystal morphologies. The type of anion and the acidity appear to be important
factors influencing morphology.10,19,20 Close to 100°C, rhombohedral crystals 50-100 nm in
size sometimes showing intergrowths with stepped appearance formed from nitrate- or
perchlorate-containing solutions (0.001-0.2 M), whereas subrounded plates grew from
chloride ions solutions. Electron diffraction and HR-TEM methods showed that hematite
crystals formed from FeCl3 solutions were bounded by {104} planes.10,19,20 The formation
of hematite was promoted by increasing the temperature and/or Fe3+ concentration and by
the addition of acid.13 At elevated temperatures it is an important factor whether the Fe(III)
containing solution is slowly brought up to the desired temperature or the Fe-salt is added
to preheated water. Only in the first case goethite (α-FeOOH) may nucleate during initial
heating and thereby form a substantial proportion of the end product, whereas in the second
case, only hematite forms.1 This shows that the Fe(III) hydrolysis reaction can have
different results due to seemingly very small changes in reaction conditions. Details of how
the anions influence crystal morphology are lacking in this case. It was shown that
akaganéite (β-FeOOH) rods were formed at first, and the hematite crystals were formed
only later.10 Bailey et al.20 used TEM on dried samples and also on frozen liquid films
(Cryo-TEM) to monitor precipitation of hematite from heated FeCl 3 solutions with different
[Fe(III)] and acidities. In some cases hematite appeared to nucleate on the akaganéite rods.
It was considered that the concentrations of the starting reagents influenced crystal
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morphology (spheres, cubes or double ellipsoids) by influencing the aggregation behaviour
of the akaganéite.20
To produce a stable suspension of nanocrystalline hematite particles the pH of the
suspension should be well controlled. The Iso-Electrical Point (IEP) of pure hematite has
been reported to vary from 521-10,22 due to variation in the amount and type of specifically
adsorbed ions. By addition of species that adsorb to the surface, the IEP of hematite can be
varied in a broad range. The lowest reported IEP for surface-modified hematite was 2.8,
when oxalate was adsorped1 To prevent coagulation of hematite particles in suspension, the
absolute value of the surface charge of the hematite should be sufficiently high. Not only
the surface charge influences the flocculation behaviour, but also the shape and size of the
crystal. It was shown that an irregular surface accelerated coagulation of hematite
particles.23
The present study described the preparation and properties of hematite (α-Fe2O3)
particles in water. A more particular goal was to obtain a suspension of non-aggregated
nanocrystalline hematite particles with well-defined morphology. The particles made were
investigated using TEM, XRD, XRLB and magnetisation measurements.

2.3 Experimental
2.3.1 Synthesis
Several synthesis methods were used to prepare suspensions of nanocrystalline hematite.
Either a solution of ferric chloride or ferric nitrate was hydrolysed. The concentration of
ferric ions in the solution that was hydrolysed varied from 0.02 to 0.1 M . In the case of
ferric nitrate, the hydrolysis was also performed with the addition of urea, to increase the
hydrolysis rate. When heated, urea shows the following reaction behaviour:
CO(NH2)2 + 3 H2O

→ CO2 (g) + 2 NH4OH

The production of hydroxide increases the pH, leading to an increase in the rate of the
hydrolysis reactions of ferric species. The increased hydrolysis rate may increase the
nucleation rate of precursor particles, possibly leading to a decrease in the hematite particle
size.

2.3.1.1 Hydrolysis of ferric chloride solution
This hydrolysis reaction was first described by Matijevic and Scheiner.10 The influence of
slight changes on this synthesis method was studied. The differences mainly consisted in
the heating time of the ferric chloride solution to reach 100°C. For the first variety this
heating time was the least, for the third the longest. A certain amount of doubly distilled
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water was heated to 100°C. The water was poured into a HF-etched preheated Pyrex glass
beaker. The temperature remained at 100°C. Concentrated (37 wt%) HCl was added to this
system to make a 0.002 M HCl solution. The temperature was kept at 90-100°C. Finally
FeCl3·6H2O (Fluka, Milwaukee, USA) was dissolved in this hot solution to make either a
0.02, 0.05 or 0.1 M Fe3+ solution. The beaker was closed and put into an oven that was
preheated to 100°C, where it remained for 1 week. A sample was taken after 1, 2, 3 5, and 6
days.
The second variety to this hydrolysis method was as follows: FeCl3 6H2O was
dissolved in doubly distilled water at room temperature to make a 0.5 M Fe3+ solution.
Concentrated (37 wt%) HCl was added to the 0.5 M ferric chloride solution to make the
solution 0.025 M HCl. This solution was put into a large beaker and heated to 90-100°C,
while stirring the solution. This solution was diluted with heated doubly distilled water
(90°C < T < 100°C) to a factor 25, to prepare a 0.02 M Fe3+ and 0.001 M HCl solution. The
solution was stirred for a few minutes and then put into 2 HF-etched Pyrex glass beakers.
These beakers were closed and put into an oven that was preheated to 100°C, where it
remained for one day and for one week respectively.
For the third variety the FeCl3·6H2O (Fluka) was first dissolved in doubly distilled
water at room temperature to make a 0.5 M Fe3+ solution. Concentrated (37 wt%) HCl was
added to the 0.5 M ferric chloride solution to make the solution 0.025 M in HCl. This
solution was diluted with doubly distilled water by a factor 25, to make a 0.02 M Fe3+ and
0.001 M HCl solution. The mixture was stirred for a few minutes and than poured into a
HF-etched Pyrex glass beaker. This beaker was closed and put into an oven that was
preheated to 100°C, where it remained for one week.

2.3.1.2 Hydrolysis of ferric nitrate solution
Fe(NO3)3 9H2O (Merck, Whitehouse Station, NJ, USA) was added to boiling water to
prepare 0.02, 0.05 or 0.1 M Fe3+ solutions. These were poured into a HF-etched Pyrex glass
beaker. This beaker was closed and put into a oven that was preheated to 100°C. There it
remained for 1 day at T = 100°C.

2.3.1.3 Hydrolysis of ferric nitrate solution with urea
A HF-etched Pyrex glass beaker was preheated at T=±100°C. Fe(NO3)3 9H2O (Merck) and
urea were added separately to the empty glass beaker. Boiling water was added to fill the
glass vessel completely. The beaker was closed and put into an oven that was preheated to
100°C, where it remained for one day at this temperature. Two different Fe3+ concentrations
were used; 0.05 M and 0.1 M. In both cases two different urea concentrations were used as
well. The urea concentrations were either double or triple the ferric ion concentration.
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2.3.2 Powder characterisation
Two Transmission Electron Microscopy (TEM) equipments were used to investigate the
size and morphology of the precipitated particles. Either a Philips EM30 Twin/STEM TEM
(Eindhoven, The Netherlands), or a CM10H Philips TEM (Eindhoven, The Netherlands)
was used. In all cases, TEM-samples were prepared by addition of alcohol to the dried
powder and subsequent dispersion by ultrasonification for 10 minutes. One drop of the
suspension was put on a copper grid that was air-dried prior to use.
For determination of the phase composition and the average crystallite size of the
dried powders X-Ray Diffraction (XRD) respectively X-Ray Line Broadening (XRLB)
were used. Measurements were performed with a Philips X'Pert-1 PW3710 diffractometer
(Eindhoven, The Netherlands), using Cu-K• (λ=1.542 Å) radiation and a Ni-filter. The
divergence slit was set to 1° and the receiving slit to 0.1. The same apparatus was used to
measure the X-Ray Line Broadening (XRLB) to determine the average crystallite size of
the phases of the powders with the Scherrer formula.24
The magnetisation measurements were performed using a PMC Micro MagTM model
2900 magnetometer. A schematic representation of the apparatus is shown in Fig. 1.
Between the two poles a fixed magnetic
field of 2 Tesla is applied. Between the two
coils (B) a small fluctuating magnetic field
is applied. A small weighed amount of
powder is put on adhesive tape (P) and put
between the two coils B. The fluctuating
magnetic field will cause the magnetic
sample (P) to move back and forth
according to the change in the magnetic
field. At meter (M) the movement of the
Fig. 1 Set-up used for the magnetisation
sample P is registered. The magnetisation
measurements. B = a small fluctuating
magnetic field is applied between these
for all samples was corrected for the used
coils, P = adhesive tape with powder, M =
weight.
meter that measures the movement of P
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2.4 Results
2.4.1 Hydrolysis of ferric chloride solutions
The moment at which precipitation was first visible different for the three used varieties of
precipitations of a 0.02 M ferric chloride solution. In the second variety, with the medium
heating rate, precipitation occurred during addition of the concentrated ferric chloride
solution. For the third variety, with the slowest heating rate, precipitation occurred when
heating up the 0.02 M ferric chloride solution from room temperature to 100°C. After one
week of heating at 100°C the different suspensions had different colours. If the ferric salt
was added directly (the fist variety), an orange-red coloured suspension resulted, while in
the other two cases a purple brown suspension was produced.
These differences in observed precipitation behaviour were reflected in the TEMpictures and XRD-results. Figures 2a and 2b show the particles that were produced if the
ferric chloride salt was added directly into the preheated hydrochloric acid solution (variety
1). The same particles were present after heating at 100°C for one day and for one week.
Regularly shaped hematite crystals of 20 to 70 nm had been formed. The form was
hexagonal subrounded. XRD revealed the presence of hematite only. The average particle
size determined from TEM pictures was 41 nm, while XRLB gave 46 nm as the average
diameter. This precipitation reaction was repeated several times. The morphology of the
precipitated particles was identical for every precipitation, but the average crystallite size
varied, from the lowest value shown in Fig.s 2a and 2b of 41 nm to 71 nm.

Fig. 2a+b TEM-pictures of hematite prepared by hydrolysis of 0.02 M FeCl3 solution made by
directly adding the salt at 100°C, after 1-7 days at 100°C
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Fig. 3 TEM-picture of akaganéite/hematite
Fig. 4 TEM-picture of hematite prepared by
prepared by hydrolysis of 0.02 M FeCl 3
hydrolysis of 0.02 M FeCl3 solution after
solution after adding 0.5 M FeCl 3 to
adding 0.5 M FeCl3 to diluted HCl
diluted HCl solution at 100°C, after 1 day
solution at 100°C, after 7 days at 100°C
at 100°C

If the ferric chloride was not added directly to the pre-heated hydrochloric acid solution,
but first dissolved in cold water before heating to 100°C (variety 2 and 3) the results were
very different. A mixture of two particle types was present after one day of heating at
100°C, as can be seen in Fig. 3. One type was a spindle of approximately 100 nm length
and 20 nm width, while the other had an oval shape, with an average length of ±150 nm and
width of ±100 nm. XRD showed the presence of two phases, hematite and akaganéite.
After heating for 7 days at 100°C, only the oval-shaped particles were left (see Fig. 4),
which were shown to be hematite by XRD. The majority of these hematite crystals had the
same shape and size after 1 day, but a minority of crystals had grown to larger particles of
up to 500 nm diameter.
The ferric chloride solutions with higher
Table 1 Crystallite size and agglomeration of
concentration than 0.02 M were made by
hematite particles formed by hydrolysis
of FeCl3 solutions at 100°C made by
directly adding the salt to the preheated
direct addition the salt at 100°C and
hydrochloric acid solution. When a
heating at this temperature for 1 day
0.05 M ferric chloride solution was
Crystallite size
Particles
[FeCl3]
heated at 100ºC for one day, the results
(M)
Determined by
Agglomerated
were slightly deviating to that obtained
XRLB (nm)
for a 0.02 M FeCl3 solution. The average
0.02
46-71
No
crystallite size, as measured by XRLB,
0.05
44
Little
0.1
35
Yes
was a little smaller: 44 instead of 46 nm
(see table 1), the particle morphology
was more irregular and the particles

Chapter 2

36
seemed to be more aggregated. If the
ferric chloride concentration was
increased to 0.1 M, the average
crystallite size after heating at 100°C
for one day was 35 nm, but the
majority of the hematite crystals was
aggregated into large clusters of
particles with ill-defined morphology
(see Fig. 5).

Fig. 5 TEM-picture of hematite prepared by
hydrolysis of 0.1 M FeCl3 solution made
by directly adding the salt at 100°C, after
1 day at 100°C

2.4.2 Hydrolysis of ferric nitrate solutions
After 3 hours of heating the 0.02 M ferric nitrate solution at 100°C two types of particles
were formed, small particles of 7 nm diame ter and diamond-shaped particles with
29×21 nm dimensions (see Fig. 6). The dimensions of these latter particles had increased
after 1 day of heating to 49×33 nm (see Fig. 7) while all the small particles almost
disappeared. XRD showed the presence of hematite and a small amount of goethite. The
crystallite size of the hematite phase determined by XRLB was 40 nm, in accordance with
the size determined with the TEM-pictures.

Fig. 6 TEM-picture of particles prepared by
hydrolysis of 0.02 M Fe(NO3)3 solution,
made by directly adding the salt at 100°C,
after 3 hours at 100°C

Fig. 7 TEM-picture of hematite prepared by
hydrolysis of 0.02 M Fe(NO3)3 solution,
made by directly adding the salt at 100°C,
after 1 day at 100°C
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Table 2 Crystallite size and agglomeration of
hematite particles formed by hydrolysis
of Fe(NO3)3 solutions at 100°C made by
direct addition the salt at 100°C and
heating at this temperature for 1 day
[Fe(NO3)3]

Crystallite size

Particles

(M)

Determined by

Agglome-

XRLB (nm)

rated

0.02

40

Reasonable

0.05

32

Yes

0.1

33

Yes

As can be seen in Fig. 7, the diamond-shaped Fig. 8 TEM-picture of hematite prepared by
hydrolysis of 0.1 M Fe(NO3)3 solution,
hematite particles were aggregated. When the
made by directly adding the salt at
100°C, after 1 day at 100°C
ferric nitrate concentration was increased from
0.05 to 0.1 M, the regular diamond shape
disappeared and the hematite particles obtained an ill-defined morphology and were
strongly aggregated, as can be seen in Fig. 8. The crystallite size had decreased, however,
similar to the ferric chloride precipitates while using higher concentrations, from 40 nm to
33 nm when increasing the ferric nitrate concentration from 0.02 to 0.1 M (see table 2).

2.4.3 Hydrolysis of ferric nitrate solutions in the presence of
urea
The presence of urea changed the crystallisation behaviour of the ferric nitrate solutions.
The hematite crystallite size, measured by XRLB, increased both for the 0.1 M and 0.05 M
Fe(NO3)3 solution, compared to the hydrolysis of ferric nitrate without the presence of urea.
Table 3 Crystallite size of hematite particles and phase composition of dried powder made by
hydrolysis of Fe(NO3)3 + urea solutions at 100°C made by directly adding the salt at 100°C
and heating at this temperature for 1 day
[Fe(NO3)3] (M)

[Urea] (M)

Hematite crystallite size
Determined by XRLB (nm)

Phase composition (XRD)

0.05
0.05
0.1
0.1

0.1
0.15
0.2
0.3

39
39
49
45

Hematite
Hematite
Hematite (+goethite)
Hematite (+goethite)
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In the first case the crystallite size was increased from 33 to 45-49 nm, while in the second
case from 32 to 39 nm, as can be seen by comparing table 3 with table 2. The hematite
crystallite size increased with the amount of ferric ions present, when urea was used,
opposite to the identical precipitations without the presence of urea. When a 0.1 M ferric
nitrate solution was used, the resulting phase composition was also different when using
this urea method. The addition of urea led to the precipitation of goethite, next to the
hematite particles. The hematite crystallite size increased with the ferric ion concentration
of the precipitated solution, when urea was used. When the ferric ion concentration was
0.05 M, increasing the urea concentration did not lead to any change in the precipitate, but
when the ferric ion concentration was 0.1 M, the increase in the urea concentration led to a
slight decrease in the average hematite crystallite size.

Fig. 9 TEM-picture of hematite prepared by
hydrolysis of 0.05 M Fe(NO3)3 solution,
with 0.1 M urea, made by directly adding
the salt at 100°C, after 1 day at 100°C

Fig. 10 TEM-picture of hematite prepared by
hydrolysis of 0.1 M Fe(NO3)3 solution,
with 0.3 M urea, made by directly adding
the salt at 100°C, after 1 day at 100°C

As Fig.s 9 and 10 show, the hematite particles produced by precipitation of ferric nitrate
solutions with the help of urea, had a less irregular morphology and were less agglomerated
compared to the when no urea was present (compare with Fig. 8).

2.4.4 Stability of produced suspensions
The pH of all resulting hematite suspensions was between 1 and 1.5. The higher the starting
concentration of ferric ions, the lower the final pH was. The stability of the prepared
hematite suspensions was qualitatively determined by observing the sedimentation
behaviour. In general, the sedimentation rate increased with the size and amount of
hematite particles in suspension. The subrounded hematite particles made from a 0.02 M
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ferric chloride solution (see Fig. 2a and 2b) sedimented the slowest. These particles were
not all sedimented even after a week, while all diamond shaped hematite particles were
sedimented after a few days. The subrounded hematite particles also could be redispersed
more readily, after sedimentation.

2.4.5 Magnetisation of subrounded particles
The magnetisation of the subrounded particles made by the hydrolysis of ferric chloride
solution was measured as function of particle size. The values mentioned in table 4 were
calculated for 1 mg of material for each powder. Hc and Mr/Ms are both a measures for
ferromagnetic material present in the sample. The higher Hc and Mr/Ms, the more
ferromagnetic the material. It is clear that the ferromagnetic nature decreases with particle
size: the hematite becomes more paramagnetic.

Fig. 11 Magnetisation measurement of subrounded hematite particles with 160 nm average size
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Fig. 12 Magnetisation measurement of subrounded hematite particles with 41 nm average size

In Fig. 11, the magnetisation curves of the largest particles of 160 nm are shown. It is
clearly visible that these particles had a remnant magnetisation. The hematite particles with
average size of 41 nm have almost no remnant magnetisation at zero magnetic field
strength, as can be seen in Fig. 12, which is an indication of superparamagnetism.

2.5 Discussion
2.5.1 Hydrolysis of ferric chloride solutions
The results of the precipitation experiments with ferric chloride show that very small
changes in precipitation conditions may cause very large differences in the result. This
explains the large variety in hematite particle size and shape for seemingly identical
precipitations. Matijevic and Scheiner were the first to report on the hydrolysis of a 0.02 M
ferric chloride solution by heating at 100°C for one day. The hydrolysis resulted in
subrounded particles with an average size of 46 nm. This hydrolysis was performed by
addition of a concentrated (3.0 M) ferric chloride solution to a hydrochloric acid solution.10
In our study the aqueous ferric ion concentration could not be increased to above 0.5 M
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without the occurrence of precipitation reactions. After only 7 days similarly shaped, as
described by Matijevic and Scheiner,10 but much larger hematite particles were formed.
This lower concentration of the starting ferric chloride solution may have caused the large
size of the formed hematite particles. The lower the ferric chloride solution, the higher the
pH of the solution will be and the faster hydrolysis will occur.
If the prescription of Cornell and Schwertmann,1 who pointed out that the ferric
chloride had to be added directly to the pre-heated HCl solution, was followed, the results
of Matijevic and Scheiner were reproduced.10 Many investigators have reported on this
precipitation reaction, following the description of Matijevic and Scheiner.10 Most obtained
the same morphology after heating at 100°C for one day, and reported average crystallite
size varied from 46 nm25 to 80 nm,26 just as was found in this study by repeating the same
precipitation reaction several times. These deviations from the results of Matijevic and
Scheiner10 are probably caused by small differences in the hydrolysis rate. Bailey et al.20
reported for the same hydrolysis reaction that only after 7 days spherical particles of
250 nm average size were formed.
Figure 3 and 4 and the XRD-results show that before in the solution hematite was
formed, akaganéite was formed as was reported before. 10,20 At a temperature >80°C a phase
transformation to hematite takes place. Below this temperature, goethite is formed.27
Akaganéite is formed faster since it has a lower energy for nucleation. Hematite is a more
thermodynamic stable crystal structure with a solubility in water lower than akaganéite.
The results described in the present study for hydrolysis of 0.05-0.1 M ferric chloride
solution are in complete disagreement with the results reported in literature. It was reported
that when using these higher ferric chloride concentrations, after 1 day akaganéite particles
were formed, identical to the particles shown in Fig. 3. After 1 week of heating at 100°C
the akaganéite particles had been transformed in cubical particles of size varying from 0.5
to several micrometer.20,28 Alternatively, it was reported that when using these
concentrations of ferric chloride, the akaganéite, did not transform to hematite at all.10,11
The difference must have been caused by changes in the pH. The fact that the akaganéite
did not transform in some cases must have been caused by a too high acidity of the
solution, shifting the equilibrium between akaganéite and hematite towards the akaganéite.
The amount of added hydrochloric acid, however, was similar in all reported cases. 10,20,11,28
Again the differences reported in literature and the difference with the here reported results
must have been caused by small differences in the reaction conditions. The most likely
cause in this case is differences in hydrolysis temperature, causing differences in the pH.

42

Chapter 2

2.5.2 Hydrolysis of ferric nitrate solutions
The hydrolysis of ferric nitrate solutions was investigated to a much less extent than the
hydrolysis of ferric chloride solutions. The here reported results for the hydrolysis of a
0.02 M ferric nitrate solution at 100°C are similar to the results reported by Schwertmann et
al.29 and Furusawa et al.30 Matijevic and Scheiner10 reported the formation of irregularly
shaped hematite particles, instead of the here reported diamond shaped particles, when
using the same ferric nitrate concentration (0.02 M). When using higher concentrations of
ferric nitrate (0.05-0.1 M), Matijevic and Scheiner 10 also reported the formation of
irregularly shaped hematite particles. Since they did not show any TEM-pictures of the
obtained hematite particles, it is unknown to what extent the results reported here and by
Matijevic and Scheiner 10 are similar.

2.5.3 Hydrolysis of ferric nitrate solutions containing urea
The hydrolysis of ferric nitrate together with urea has not been reported previously,
contrary to the use of urea in combination with ferric chloride.31 When using urea in a ratio
urea/FeCl3 greater than 5, particles with an ill-defined morphology were precipitated. If the
urea/FeCl3 ratio was 3, diamond-shaped particles precipitated.31 Here at both probed
urea/ferric ions ratios of 2 and 3 irregularly shaped particles were formed, although the
used ferric ions concentration was higher (0.05-0.1 M) than used in literature (0.02 M).31
The presence of urea did not lead to a suppression of the hematite crystal size, the
nucleation rate was not enhanced by the faster increase in pH.

2.5.4 Magnetic properties
When decreasing the size of magnetic particles, they change from multi-domain to single
domain.32 If the particles become small enough, the magnetic moment in the domain can
hardly remain in a definite direction, due to thermal agitation which leads to
superparamagnetism. It is known that the value for Mr/Ms is influenced by many factors,
such as size and shape, packing density and defects in the crystal structure. According to
literature, the value for Mr/Ms increased as the spherical hematite particle diameter
increased from 0.1 to 0.6 µm.32 A similar observation was made here as well. The smallest
measured hematite particles (41 nm) were almost single-domain particles, showing
superparamagnetism, which implies that the magnetic domain size of these subrounded
hematite particles is around 40 nm.
The literature on magnetic behaviour of hematite is contradictory with regard to the
critical particle size for transition of ferromagnetic to superparamagnetic behaviour. The
differences can be explained by different particle shapes and differences in the amount of
strain and defects in the particles, as was shown by Muench et al.33 They showed that by
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annealing hematite particles the magnetic behaviour could be changed, although the size
and shape of the particles did not change. Amin et al. showed that both Hc and Mr increased
with the annealing temperature, while Ms decreased.32 They reported a value of 0.1 for
Mr/Ms for hematite particles with 40 nm average diameter, 32 which is much higher
compared to the here reported value of 0.005, although the particles were made by
seemingly identical synthesis routes. Again, these differences can be explained only by
small differences in the synthesis route, probably resulting in differences in the defect
structure of the particles.
Kündig et al. reported a critical size of 13.5 nm for hematite particles made by
impregnation of silica with ferric salt solution and subsequent calcination at 500°C. The
morphology of these particles was not described.34 For spherical hematite particles the
critical size was reported to be 8 nm.35,36 The largest critical particle size for the transition
from ferromagnetic to superparamagnetic behaviour for hematite particles reported so far is
32 nm,37 which is slightly lower than the here reported value of approximately 40 nm.
Strain in the hematite particles can not be a cause for the large critical particle size reported
here, since the crystallite size determined by XRLB was 46 nm for the smallest hematite
particles, while TEM showed 41 nm. If the hematite particles would be strained, XRLB
should indicate a lower particle size than TEM.

2.5.5 Aggregation of the hematite particles
By increasing ferric ion concentration (from 0.02 to 0.1 M) the shape of the formed
hematite particles became more irregular, independent of using ferric chloride or ferric
nitrate. The amount of aggregation of the formed hematite particles also increased with the
used concentration of ferric ions. This was not only due to the higher concentration of
particles, but more likely to the higher concentration of ions in solution. The amount of
aggregation was also higher when using ferric nitrate compared to ferric chloride. This
difference may be due to the different shapes of the crystals that were produced, which
cause differences in the magnetic behaviour. The magnetic properties of the particles also
influence the aggregation behaviour. It was shown that an increase in the (attractive)
ferromagnetic force between nanocrystalline hematite particles led to an increase in
aggregation rate of these particles.38 This attractive ferromagnetic force is absent for the
small superparamagnetic hematite particles, resulting in a lower agglomeration rate. The
diamond-shaped hematite particles in Fig. 7 are aligned parallel to each other. This
alignment suggests the presence of ferromagnetic forces between the particles, which
would explain for the increased agglomeration rate.
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2.6 Conclusions
Subrounded crystalline hematite particles were made with an average diameter of <50 nm
and a narrow particle size distribution within one day by hydrolysis of a 0.02 M ferric
chloride solution. These particles showed the least tendency towards aggregation due to the
absence of ferromagnetic attraction forces and a low ionic concentration. To obtain these
particles it was important to add the ferric chloride directly into the pre-heated hydrochloric
solution (T>90°C). The hydrolysis of ferric salt solutions is a very delicate reaction. Small
changes in the reaction conditions result in very large variations of average hematite
particle size and shape and extent of agglomeration. The use of ferric nitrate for the
synthesis of hematite particles led to diamond shaped particles of size <50 nm, resulting in
stronger aggregates than the subrounded particles, probably due to ferromagnetic attraction
forces. When using higher concentrations of ferric salt (0.05-0.1 M) the irregularity of the
hematite crystals increased, as did the tendency to aggregate. The latter was due to the
higher ion concentration in solution. Therefore, to obtain reasonable stable hematite
suspensions, the starting ferric ion concentration should not be higher than 0.05 M. The use
of urea to increase the rate of hydrolysis was not successful in obtaining smaller crystallite
sizes. The magnetic behaviour of the produced subrounded hematite particles changed from
canted antiferromagnetic, as normal for hematite, to paramagnetic when decreasing the
particle size from 160 to 41 nm. This is the largest size reported thus far for
superparamagnetic hematite particles.
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3 The synthesis of mixed Y2O3-doped-ZrO2
(3Y-TZP) and α-Fe2O3 (hematite)
nanopowders
3.1 Abstract
The synthesis is described of nanocrystalline powders that are either a solid solution of iron
(III) oxide in yttria-doped zirconia or a two-phased yttria-doped zirconia/hematite
composite. A co-precipitation route was compared with two different sequential
precipitation routes. The sequential precipitation routes encompassed first the synthesis of
a zirconia suspension and precipitation of the hematite phase in the suspension or first the
synthesis of a hematite suspension and precipitation of the zirconia phase in the suspension.
The resulting (partly) amorphous gels were crystallised either by calcination in air or by
hydrothermal treatment.
The crystallisation behaviour of the uncalcined gels was studied with HT-XRD, DSC
and Raman spectroscopy. Up to 25 mol% of FeO1.5 was dissolved in the zirconia lattice of
the 8 nm cubic zirconia crystallites up to a temperature of 800°C by using co-precipitation.
A new method is presented to determine (semi-)quantitatively the homogeneity in the
elemental distribution of powders by using SEM/EDX. It was established by this method
that the one-phase co-precipitated powders had the most homogeneous Fe-Zr distribution.
By precipitating hematite in a zirconia suspension, a homogeneous dual-phase powder with
all crystals of size <30 nm was formed.

3.2 Introduction
3.2.1 The synthesis of nano-nano zirconia-hematite composites
Mixed zirconia-hematite powders have applications in many different fields, of which
catalysis is the most important. They have been used as catalyst for ammonia synthesis,1
carbon monoxide hydrogenation,1,3 methane combustion4 and ethylbenzene
dehydrogenation.5 Mixed zirconia-hematite materials also can have interesting magnetic6
and electrical7 properties. To investigate the electrical properties the powders normally are
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sintered into dense materials.7,8 The microstructure of the dense materials can be varied by
tuning the composition and morphology of the starting powder. To vary the composition of
the starting powder, controlled synthesis methods were used. One specific type of dense
oxidic materials that have interesting properties is nano-nano composites.9 To make dense
zirconia-hematite nano-nano composites, nanocrystalline loosely agglomerated and
homogeneous zirconia-hematite powders should be used. These powders can be either a
two-phase composite or a single-phase solid solution.9

3.2.2 The formation of zirconia-ferric oxide solid solutions
Many reports describe the solid solubility of Fe3+ in zirconia, all mentioning different
solubility limits even when using identical synthesis methods.3,10 The resulting crystallite
size, morphology and amount of agglomeration of the crystals were rarely mentioned. The
two major methods that have been used to make ZrO2-FeO1.5 powders are dry ball milling 11
and aqueous co-precipitation.3,10 When using a co-precipitation technique and calcining at
600°C to make ZrO2-FeO1.5, the reported solubility limits varied from between 0 and
21.4 mol% FeO1.512 to between 46.2 and 66.7 mol% FeO1.5.12 For ZrO2-FeO1.5 powder also
made by co-precipitation and calcination at 750°C, the highest reported solubility of FeO1.5
in ZrO2 was between 50 and 83 mol%.10 The reported solubility limits at higher calcination
temperature were far lower. When calcining at 800°C the highest reported solubility of
FeO1.5 in ZrO2 was only 7.7 mol%, also for a powder made by co-precipitation. 14
Not every co-precipitation was successful in dissolving high amounts of Fe(III) in
zirconia. A precipitate of chloride and nitrate salts together with dispersants was calcined at
650°C. The reported solubility limit for this co-precipitation method was between 6 and
18 mol% Fe(III) in ZrO2.15 Another co-precipitate of Fe3+ and ZrO2+ was calcined at 600°C.
The solubility limit for this precipitation method was <21 mol% Fe(III).12
Both above-mentioned co-precipitations led to a lower solubility limit than the limit
resulting from other co-precipitations.1,10 The synthesis method obviously has a very large
influence on the solubility limit of Fe(III) in zirconia. The conditions during the coprecipitation, such as stirring speed, manner of mixing ammonia with the acid solution, are
of great importance, and can lead to considerable differences in the results. Very often these
conditions were not described.
Ball milling can also be a very effective way to dissolve Fe(III) in zirconia. It was
reported that ball milling hematite and monoclinic-zirconia powders for 110 hours and
subsequent heat treatment resulted in the dissolution of 31 mol% FeO1.5 in the zirconia.11
The amount of Fe(III) that can be dissolved in ZrO2 by co-precipitation is higher, however,
compared to powder milling.

3.2.3 The aim of this study
In the present study the influence of different synthesis parameters on the properties of
yttria-doped zirconia-hematite powders was probed. Sequential precipitation methods were
compared with a co-precipitation method, and calcination with hydrothermal
crystallisation. The influence of these parameters and the iron oxide content on the
crystallisation behaviour, phase composition, crystallite sizes and homogeneity of the
distribution of the Zr4+ and Fe3+ ions were investigated. The goal was to obtain either
homogeneous dual-phase 3Y-TZP-hematite powders or single-phase ferric oxide doped
3Y-TZP. These powders should be nanocrystalline and loosely agglomerated.

3.3 Experimental
3.3.1 Synthesis
Two general synthesis routes have been used to make the powders: co-precipitation and
sequential precipitation. In the case of sequential precipitation either the hematite or
zirconia phase was made first.

3.3.1.1 Co-precipitation (CP)
For the CP (Co-Precipitation) method, an aqueous solution (1 litre) was prepared from the
following chlorometal precursors materials: ZrOCl2·8H2O (Merck, Whitehouse Station, NJ,
USA), YCl3 (Cerac, Milwaukee, WI, USA) and FeCl 3·6H2O (Fluka, Milwaukee, WI, USA).
The total molar amount of ZrOCl2·8H2O was kept constant at 0.15 mol/l. The ratio Zr4+:Y3+
was maintained at 95:5 mol for every synthesis. The concentration of FeCl3·6H2O was
varied from 0.06 to 0.11 mol/l. The solution (pH ~1.5) was filtered through a 0.025 µm
membrane to remove any insoluble species. It was added to 2-8 litres of a concentrated
aqueous ammonia (pH ~14) solution contained in a PTFE-coated stainless-steel vessel (∅ =
25 cm) over a 4-6 hour period. The ammonia solution was stirred vigorously and
continuously with a top-mounted turbine stirrer (∅ = 12 cm). The metal-containing solution
was added with the aid of a peristaltic pump through a tube of 1.5 mm diameter. The end of
the tube was placed directly above the tip of the stirrer to maximise the number of
nucleation sites (and minimise nucleus growth). During the addition process, the pH was
kept >11 through additions of NH3·H2O. Once the metal ion solution had been added, a
dispersion-stirrer replaced the turbine-stirrer and the suspension was stirred for an
additional hour. The resulting gel was filtered and washed with distilled water to remove
the chloride ions. Water washing was continued until the pH had decreased to 9; the pH
could not be further decreased without the risk of re-dissolving partly the precipitated gel.
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The precipitate was finally washed with ethanol until the density of the filtrate was below
0.79 g cm-3 (i.e. water content <5%). The gel, suspended in ethanol, was then oven-dried
overnight at 100°C. The resulting amorphous powder was mortared and then calcined in air
at different temperatures for 2 hours with a heating rate of 2°C min -1.
In one case (with 40 mol% FeO1.5) the amorphous gel resulting from precipitation was
divided in two parts. The first part was given a hydrothermal crystallisation treatment. The
suspension was put in a Teflon vessel, which was placed under 1MPa nitrogen-pressure.
The vessel was heated to 200°C, after which the temperature was kept constant for two
hours. The resulting pressure was 2MPa. After this treatment the gel underwent the
aforementioned washing steps and was oven-dried overnight at 100°C. The dried powder
was not calcined. The second part was washed, dried and calcined as described above.

3.3.1.2 Sequential precipitation: Zirconia first.
When using the SPZH-method (Sequential Precipitation: Zirconia Hematite) zirconia was
first made by hydrothermal crystallisation, after which a FeCl3·6H2O solution was
precipitated in the resulting zirconia suspension. An aqueous solution which contained
ZrOCl2·8H2O (30.0 g, 93.1 mmole), and YCl3 (0.91 g, 4.6 mmole) was prepared (molar
ratio Zr4+:Y3+=95:5) and made up to 1 litre. The solution was slowly added to 8 litres of
aqueous ammonia (pH~14) using the same set-up as described for the CP method. The
reaction formed a “metal-hydroxide” gel that was concentrated to a volume of 400 ml by
filtration. The concentrated gel was subsequently subjected to hydrothermal treatment
through heating in a closed vessel at 200°C under 106 Pa pressure for 2 hours to form
nanocrystalline (average grain size 8 nm) 3Y-TZP.29 The zirconia suspension then was
inserted into the aforementioned stirring and reaction set-up. One litre of FeCl3·6H2O
solution with a varying concentration was added while vigorously stirring, leading to an
acidic suspension. The pH of the suspension was increased from 1-2 to 6-7 by the slow and
homogeneous addition of ammonia while vigorously stirring, inducing the precipitation of
ferric hydroxide species in the zirconia gel. The resulting mixed gel was given the
aforementioned washing, drying and calcination treatment.
In one case (with 27 mol% FeO1.5) the mixed suspension was divided in two parts
before the washing treatment. The first part of the suspension was heated in an oven at
100°C for 24 hours in a closed vessel, to hydrothermally crystallise the ferric hydroxide to
hematite. After cooling down, the suspension was given the aforementioned washing and
drying treatment. The dry powder was not calcined. The second part was given the standard
washing, drying and calcination treatment.

3.3.1.3 Sequential precipitation: Hematite first
The SPHZ-method (Sequential Precipitation: Hematite Zirconia) was performed in two
different ways. Nearly spherical crystalline hematite particles were made by heating a
0.02 M FeCl3·6H2O solution at 100°C in a closed vessel for 24 hours.10 The pH during
precipitation was 1.5 to 2. The acidic hematite suspension (4 litre) was mixed with an equal
volume aqueous ammonia (pH=14) in the mixing/precipitation vessel, resulting in a pH of
11. A solution of ZrOCl2·8H2O and YCl3 (molar ratio Zr4+:Y3+=96:4) was slowly added to
this suspension through a tube that was situated directly above the tip of the stirrer. The
resulting gel was washed to remove the chloride. The water in the gel was replaced by
ethanol, after which the gel was dried at 100°C and calcined in air at 525°C. The resulting
powder contained 34 mol% FeO1.5.
For the second SPHZ-synthesis the hematite suspension preparation was identical, but
the zirconia precipitation deviated. The acidic hematite suspension (7 litre) was added to
the mixing /precipitation set-up and heated to 90°C. To this hot suspension an aqueous
solution of 1 litre ZrOCl2·8H2O (53.79 g) and YCl3 (1.7 g) was added. After stirring a
solution of 1 litre urea (52.5 g) was added slowly while vigorously stirring. The following
reaction takes place:
O=C(NH2)2 + 3 H2O

→ CO2 (g) + 2 NH4OH

Due to the in-situ production of ammonia the pH was increased to 6-7, inducing the
precipitation of the zirconia and yttria hydroxides The resulting gel was subsequently
washed with water and ethanol. The gel was dried in a furnace at 100°C, mortared and
calcined at 600°C. The unstirred powder was calcined at 600°C.

3.3.2 Powder characterisation
The elemental composition was determined with X-Ray-Fluorescence (XRF). About
400 mg of the powders was mixed with 5600 mg Li2B4O7 by grinding in a mortar. This
mixture was heated to 1100°C to form a liquid that was poured into a Pt casting dish to
form a fused bead. The loss of ignition was determined by measuring a blank with only
Li2B4O7. The elemental composition of the bulk powders was determined with a Philips
(Eindhoven, The Netherlands) PW 1480/10-fluorometer. Every measurement was done in
duplicate. The software program X-40 (Philips, Eindhoven, Netherlands) was used to
calculate the calibration curve. α-Factors were used to correct for matrix effects.
For powder X-Ray Diffraction (XRD) and X-Ray Line Broadening (XRLB)
measurements two types of diffractometers were utilised. Data for the phase composition of
the calcined powders were collected at room temperature with a Philips X'Pert-1 PW3710
diffractometer (Eindhoven, The Netherlands), using Cu-K• (λ=1.542 Å) radiation and a Nifilter. The divergence slit was set to 1° and the receiving slit to 0.1. The same apparatus
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was used to measure the X-Ray Line Broadening (XRLB) to determine the average
crystallite size of the phases of the powders with the Scherrer formula.24
The amorphous-to-crystalline transitions were monitored from variable temperature
XRD data obtained on a Philips X'Pert MPD HTK-16 (Anton Paar) diffractometer
(Eindhoven, The Netherlands) provided with a Cu-tube, a secondary curved graphite
monochromator and automatic divergence slit. A few milligrams of each uncalcined
powder were dispersed onto a Pt-foil. The foil was heated in a High Temperature XRD
(HT-XRD) chamber at a rate of 2°C min -1 to 1000°C to determine the onset-temperature of
crystallization and changes in phase composition. The temperature was raised with 100°C
increments and kept constant for 2 hours at each interval after which the XRD spectrum of
the powder was measured in-situ. Following the measurement at 1000°C, the powder was
cooled to room temperature where another XRD measurement was performed.
The crystallisation behaviour of the dried gels was determined with differential
scanning calorimetry (DSC). Approximately 50 mg of each uncalcined powder was heated
with 10°C min-1 to 1000°C in an alumina crucible in air using a Setsys-18 thermal analyser
with a DSC-1500 measuring head (Setaram, Caluire, France). Upon reaching the highest
programmed temperature, the powders were cooled down immediately. The phase
composition of the powders after the DSC measurements was verified with XRD.
Backscatter Raman spectra were recorded using an Ar-Kr mixed gas laser operating at
488 nm for excitation. The laser was coupled with a Coherent 70 Innova spectrum detector
(LN/CCD 1100 PB/VISAR Princeton Instruments Inc., Trenton, USA). A backscatter
geometry was used with a pinhole width of 50 µm and a laser intensity of approximately
5 mW. The equipment set-up is described more extensively elsewhere.18
Transmission electron microscopy (TEM) coupled with Energy Dispersive X-Ray
analysis (EDX) was performed with a Philips EM30 Twin/STEM TEM (Eindhoven, The
Netherlands), provided with a KEVEX Delta-Plus EDX (Redwood City, USA) to
determine the crystallite size and the chemical composition. The spot diameter for EDX
measurement in all cases was 34 nm. The samples were prepared by addition of alcohol and
dispersion by ultrasonification for 10 minutes. One drop of the suspension was added to a
copper grid that was air-dried prior to use.
The homogeneity of the Zr-Fe elemental distribution was quantified by a series of
EDX measurements, all under similar experimental conditions to make useful comparisons.
The standard deviation found in the Fe-content for each sample was taken as a measure for
the homogeneity of the powder. The powders were pressed uniaxially at 1000 MPa into
round samples of 10 mm diameter and coated with a 5 nm carbon layer to ensure electron
conduction. A Hitachi S800 (Japan), equipped with a Kevex Delta Energy V dispersive X-

ray analysis system was used for the EDX measurements of the pressed powders. The angle
of incidence was 56° and the voltage was 15 kV. On each sample a series of 20 EDXmeasurements was performed. Each measured (micro)locality had both a typical diameter
and information depth of 1 µm. To obtain the homogeneity of the bulk matrix, pores were
avoided as far as possible.

3.4 Results
3.4.1 Elemental composition of calcined powders (XRF)
The elemental composition of the calcined powders was determined with XRF and shown
in table 1. The calcination temperatures of the different powders are also given in table 1.
The calcination temperatures that were used were the minimal temperatures necessary to
obtain fully crystalline oxide phases for each powder.
Table 1 Quantitative XRF data showing the molar composition
Powder

CP42
CP40
CP34
CP27
SPZH42
SPZH34
SPZH27
SPHZ43
SPHZ34

Calcination
Temperature

ZrO2

YO1.5

HfO2

FeO1.5

°C
600
600
700
700
600
500
500
600
525

Mole%
54.5
56.6
62.4
68.5
55.1
63.1
69.1
53.6
63.3

mol%
2.96
2.94
3.27
3.79
2.99
2.52
3.79
2.68
2.58

mol%
0.59
0.63
0.70
0.78
0.01
0.68
0.02
0.01
0.01

mol%
42.0
39.8
33.6
26.9
41.9
33.7
27.0
43.8
34.1

3.4.2 Crystallisation behaviour of the SPZH-powders (XRD and
DSC)
To determine the crystallisation behaviour of the uncalcined powders, they were
investigated with high-temperature XRD and DSC. In Fig. 1 the HT-XRD patterns of
hydrated ferric oxide powder are shown. This hydrated ferric oxide was formed in a manner
that was identical to that for the hydrated ferric oxide of the SPZH powders, except for the
presence of zirconia particles when precipitating the ferric chloride.
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Fig. 1 High temperature XRD patterns of
Fig. 2 High temperature XRD patterns of
amorphous hydrated ferric oxide powder
uncalcined SPZH42 powder after drying
after drying at 100°C
at 100°C. Z = ZrO 2, H = Hematite (• Fe2O3)

Figure 2 shows that the hydrated ferric oxide powder crystallised around 300°C to form
hematite (• -Fe2O3)19 if no zirconia was present. When zirconia crystallites were present, as
with the uncalcined SPZH42 powder, the hydrated ferric oxide crystallised at a higher
temperature of 400-500°C, as can be seen in Fig. 2. The presence of the zirconia crystallites
seems to have inhibited the crystallisation of
the hematite phase, even though the zirconia
was already crystalline when the ferric
chloride was precipitated. This was also
confirmed by the DSC-measurements. The
onset-temperature of crystallisation of the
hematite phase in the hydrated ferric oxide
powder was 384°C, when heating up with
10°C/min. Using the same measurement
conditions, the onset-temperature of
crystallisation of the hematite phase of the
Fig. 3 DSC diagrams of the hydrated ferric oxide
SPZH34-powder was 454°C, as can be seen
and SPZH34 powders (heating rate
10°C/min)
in Fig. 3

3.4.3 Crystallisation of SPHZ-powders (XRD and DSC)
The crystallisation of the SPHZ-powders was compared with the crystallisation of
amorphous yttria-doped zirconia prepared as the doped zirconia of the SPHZ34 powder.
The zirconia of the SPHZ43 powder was prepared differently, by raising the pH through the
decomposition reaction of urea, forming hydrated ammonia. In this case the precipitation
pH was 4-7, while in the case of SPHZ34 it was 12-14. Figure 4 shows that the amorphous
yttria-doped zirconia crystallised at 400-500°C. The crystallisation of the zirconia phase of
the SPHZ34-powder occurred also at 400-500°C, while the crystallisation of the zirconia of
the SPHZ43 powder occurred at 500-600°C, according to the HT-XRD patterns. DSCmeasurements gave more accurate data on the onset-temperature of crystallisation of the
zirconia phase of the SPHZ powders compared to the amorphous yttria-doped zirconia (see
Fig. 5). The zirconia phase of both SPHZ powders (488°C for SPHZ34 and 511°C for
SPHZ43) crystallised at higher temperature compared to the yttria-doped zirconia (440°C).
Thus, also in the case of the SPHZ powders the presence of the crystalline phase inhibited
the air crystallisation of the amorphous phase that was precipitated in a suspension of the
crystalline phase.

Fig. 4 High temperature XRD patterns of 3YFig. 5 DSC diagrams of the hydrated zirconia
TZP powder after drying at 100°C
and SPHZ powders (heating rate
10°C/min)
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3.4.4 Crystallisation behaviour of co-precipitated powders
(XRD and DSC)
3.4.4.1 Crystallisation temperatures of the zirconia and hematite
phases
The crystallisation behaviour of the co-precipitated powders was quite different compared
to that of the sequentially precipitated powders. Figure 6 shows the HT-XRD patterns of
uncalcined CP27 powder. Crystallisation of the zirconia phase started between 600 and
700°C, around 200°C higher compared to the single-phase 3 mol% yttria-doped zirconia
(see Fig. 4). XRD peaks of the hematite phase became visible only at 900°C. For the
uncalcined CP34 powder crystallisation of the zirconia phase also started between 600 and
700°C, but peaks of the hematite phase were present at 800°C, as can be seen in Fig. 7.

Fig. 6 High temperature XRD patterns of
uncalcined CP27 powder after drying at
100°C. Z = ZrO 2, H = Hematite (• -Fe2O3)

Fig. 7 High temperature XRD patterns of
uncalcined CP34 powder after drying at
100°C. Z = ZrO 2, H = Hematite (• -Fe2O3)

In the case of the uncalcined CP40 powder the zirconia and hematite phase crystallised
simultaneously between 600 and 700°C, as can be seen in Fig. 8. The uncalcined CP42
powder showed the same HT-XRD patterns as CP40. The DSC-diagrams of the four
uncalcined CP-powders are shown in Fig. 9. All CP-powders showed a strong and short
exothermic reaction with an onset-temperature of 668-682°C. Since no other exothermic
reactions occurred between 400 and 700°C, these exotherms must indicate the

Fig. 8 High temperature XRD patterns of
uncalcined CP40 powder after drying at Fig. 9 DSC diagrams of the uncalcined CP
powders (heating rate 10°C/min)
100°C. Z = ZrO 2, H = Hematite (• -Fe2O3)

crystallisation of the zirconia phase. The CP27 and CP34-powders both showed a second
exothermic reaction with onset-temperatures of respectively 882 and 849°C. The CP40 and
CP42 powders did not show this exothermic reaction.
For the CP34 powder a small test was performed to probe the importance of the
washing treatment. Part of the amorphous gel was only slightly washed with water and then
directly dried in an oven at 100°C. The resulting amorphous powder was calcined at 600°C.
The crystalline powder showed both a zirconia and hematite phase.

3.4.4.2 Identification of the zirconia phase
Due to the broadness of the XRD-signals, it was difficult to distinguish between
tetragonal20 and cubic21 zirconia, but it is clear that no monoclinic zirconia is present in any
of the calcined powders. All XRD-spectra of the calcined powders showed the presence of
the (112) reflection at 42°2• that is specific for tetragonal zirconia.
To distinguish between tetragonal and cubic zirconia, the exact position of the (111)
reflection in all spectra was determined. For all calcined CP-powders the position of this
(111) reflection was 30.5°2• , similar to cubic zirconia.21[LW15] For all calcined SPpowders and the calcined 3Y-TZP powder the (111) reflection was situated at 30.1 to
30.2°2• , similar to tetragonal zirconia.20 This indicates that a large majority of the zirconia
of the CP-powders has the cubic structure, while at least a large majority, if not all, zirconia
of the SP-powders has the tetragonal structure.
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The position of the zirconia (111) reflection as a function of temperature was determined
for all uncalcined zirconia-hematite powders with HT-XRD. The positions of the peaks
were corrected using the Pt of the strip as reference. The zirconia (111) positions as a
function of temperature of all CP-powders
and the SPZH42-powder are shown in
Fig. 11. The SPZH42 powder is shown as
reference to the CP powders. The zirconia
(111) reflection for all SP powders was not a
function of temperature, and in all cases
lower than 30.4°2 •. Therefore, only SPZH is
shown. The zirconia (111) reflection of all
CP-powders was at a position higher than
30.7°2• up to 700°C. For CP34 to CP42
between 700°C and 800°C a sudden
decrease in the peak position occurred. For
CP27 this decrease occurred between 800°C
and 900°C. After this decrease at high
temperature the zirconia (111) reflection of
Fig. 10 Change in position of the zirconia (111)
the CP-powders was much closer to the
reflection of uncalcined zirconiahematite powders due to heating as
position of the zirconia (111) reflection of
measured by HT-XRD
the SP-powders.

3.4.4.3 Amount of dissolution of ferric oxide in 3Y-TZP
In Fig. 11 the XRD-diagrams of calcined CP27 to CP42 are shown. The hematite signals of
CP42 were larger compared to CP40 while the zirconia signals were equal, indicating that
CP42 contained relatively more of the hematite phase than CP40[LW16]. The amount of
hematite present (%Fe) was qualitatively determined to make a comparison between the
different powders. The following formula was used:

% Fe =

Fe(104)
Fe(104) + Zr (111)

(3.1)

Fe(104) = surface of hematite (104) reflection in XRD-pattern, Zr(111) = surface of
zirconia (111) reflection in XRD-pattern
The XRD-patterns of the HT-XRD measurements were taken to qualitatively
determine the amount of hematite phase in the powders after heating for 2 hours at

temperatures increasing from 400 to 1000°C. Figure 12 shows the results of his
t
comparison. Some general trends can be observed. The amount of hematite phase in the
CP42 powder at 700°C seems comparable to the amount of hematite present in the SPZH34
powder, which is 34 mol% of Fe2O3. For all CP powders the amount of hematite phase does
not seem to increase after heating to above 900°. The amount of hematite phase present in
the CP34 powder at 800°C seems not more than halve of the amount present in the
SPZH34, which would be less than 17 mol% hematite.

Fig. 11 XRD-patterns of calcined CP-powders

Fig. 12 Relative amount of hematite phase
present as a function of temperature as
measured by XRLB

3.4.4.4 Raman spectroscopy
The phase composition of the calcined
powders was also studied with Raman
spectroscopy. Figure 13 shows the Raman
spectra of the calcined CP27 and 3Y-TZP
powders. These two spectra, as all other
spectra of the CP and SP-powders, show the
same 4 bands that are characteristic for
tetragonal zirconia.22 The Raman spectrum
of cubic-ZrO2 shows an F2g band23 at
610 cm-1 which overlaps with both an A1g
band at 613 cm-1 and an Eg band at 640 cm-1
Fig. 13 Backscatter Raman spectra of selected
powders after calcination at 500-700°C
of tetragonal ZrO2,22 which means that the
presence of cubic zirconia can not be
excluded. Tetragonal-ZrO2 is a stronger Raman scatterer than cubic-ZrO2, which makes
quantitative analysis of the spectra rather difficult. No hematite bands were visible in any of
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the CP or SP powders, which shows that hematite is a weaker Raman scatterer compared to
tetragonal zirconia. Some of the uncalcined powders were investigated with Raman
spectroscopy as well. The uncalcined CP27 and CP34 powders showed the same Raman
spectrum as the calcined powders, namely the four characteristic bands of t-zirconia. 22

3.4.5 Crystallite size of the calcined powders
The average crystallite size of all powders was measured by X-Ray Line Broadening. The
average crystallite size of the zirconia phase was almost identical for all powders; it varied
from 7-8 nm. The crystallite size of the hematite phase varied more. In table2 the
crystallite size of the hematite phase of the powders is shown. The powders that were
crystallised by calcination are indicated with CALC in table 2, the powders that were
crystallised by hydrothermal treatment with HT. The hydrothermal treatment in both cases
(SPZH27 and CP42) led to growth of the hematite crystals, although for the case of the
SPZH27 powder this growth was small. The crystallite size of the hematite phase of the coprecipitated powders rapidly increased with the amount of iron oxide that was present from
24 nm for CP40 to 4 1 nm for CP42. This last crystallite size is larger compared to the
average hematite crystallite size of all SPZH powders. The SPHZ method clearly led to the
largest hematite crystals.
Table 2 Average crystallite sizes of the hematite phase of composite
zirconia-hematite powders determined by XRLB, CALC = calcined,
HT = hydrothermal
Method
Mole percentage FeO1.5

SPZH
CALC

27
34
40
42-43

18
29
28

HT

SPHZ
CALC

CP
CALC

HT

20
70
45

24
41

80

The hematite crystallite sizes of the SPZH-powders can be compared with the average
crystallite size of hematite, made in an identical way except for the presence of the zirconia.
After calcining at 500°C, this hematite powder had a crystallite size of 30 nm, which is
larger compared to SPZH27 and SPZH34 (18 respectively 29 nm), that were also calcined
at 500°C. The hematite powder that was calcined at 600°C had a crystallite size of 55 nm,
which is also larger than the hematite crystallite size of the SPZH42 powder (28 nm), that
was calcined at 600°C as well. It can be concluded that the presence of the zirconia in the
SPZH powders retards the grain growth of the hematite crystals when heating.

3.4.6 Morphology of the calcined powders
The morphology of the calcined powders was investigated with TEM. Only for the SPHZpowders it was possible to make a distinction between the hematite and zirconia
crystallites. The SPHZ34 and SPHZ43 powders looked similar with TEM. Hematite
crystallites of 40-70 nm were distributed through zirconia crystallites of 5-10 nm, as can be
seen in Fig. 14. The hematite crystallites were not distributed totally homogeneous through
the powder, often they were present in clusters of up to ten crystals. For the SPZH and CP
powders in general it was not possible to detect individual zirconia or hematite (if any
present) crystals. Figure 15 shows a TEM-graph of the CP34 powder. No crystallites larger
than 20 nm are discernible. The SPZH powders and the CP27 powders looked similar with
TEM.

Fig. 14 TEM micrograph of the SPIZ43 powder
after calcination at 600°C

Fig. 15 TEM micrograph of the CP34 powder
after calcination at 700°C

3.4.7 Homogeneity of the calcined and uncalcined powders
The TEM-investigation gave a qualitative image of the distribution of the hematite and
zirconia phase of the calcined powders. The homogeneity of the Fe-Zr elemental
distribution was examined by SEM/EDX. In the case where Fe and Zr were separated in a
zirconia and hematite phase the elemental distribution as measured by SEM/EDX was
representative for the phase distribution. To ensure that with each individual EDXmeasurement the same amount of material was probed the powders were pressed into
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samples with 50-60% theoretical density. With SEM/EDX the standard deviation in the
average Fe-percentage was determined by measuring with EDX the amount of Zr and Fe at
different localities. It was assumed that the average of at least 20 different localities was
representative for a given powder. The homogeneity was quantified by multiplying the
relative standard deviation with tn(99), which is 5.84; tn is the Student-factor.24 The
homogeneity Ho was quantified with the following formula:

Ho = t n (99 ) *( s / Feav )

(3.2)

s = standard deviation in Feav, Feav = average mol% percentage of Fe
The standard deviation was corrected for that of the measurement method, derived
from a series of measurements of the Zr-Fe elemental composition of an area of 0.5×0.5
mm. It was assumed that the elemental composition measured by EDX on an area of
0.5×0.5 mm will in all cases give the average composition of the pressed powder. The
standard deviation was calculated using the following formula:

s = sl − sb
2

2

(3.3)

sl = standard deviation in Fe-content in series measured on localities of 1×1 micrometer,
sb = standard deviation in Fe-content in series measured on bulk areas of 0.5×0.5 millimeter
Table 3 Homogeneity Ho of the Zr-Fe distribution of zirconia-iron oxide
powders measured with SEM/EDX at 20 random locations of 1
micrometer diameter
Method
Mole percentage FeO1.5

SPZH
CALC

27
34
40
42-43

0.18
0.22
0.19

HT

SPHZ
CALC

0.31
0.84
0.79

CP
CALC
0.14
0.14
0.21
0.31

HT

0.43

In table 3 the calculated homogeneities (Ho) of all in this report described powders are
mentioned. The lower the Ho value, the more homogeneous the distribution of the elements
Fe and Zr. The average Fe-content that resulted from the series of EDX-measurements did
not deviate from the average Fe-content as determined by XRF with more than a few
percent. This indicates that all series of EDX-measurements were representative for the
powders.

3.5 Discussion
3.5.1 Crystallisation of SP-powders
Figure 14 showed that the zirconia of the SPHZ43 powder was mixed with the hematite
crystals. Due to the vigorous stirring during the precipitation of the amorphous zirconia the
zirconia precipitated partly on the surface of the hematite crystals. This fine dispersion of
the amorphous zirconia explains why the zirconia of the SPHZ-powders crystallised at a
higher temperature compared to single-phased zirconia.
The TEM and SEM/EDX results of the SPZH-powders showed that the zirconia and
hematite phases were homogeneously mixed as well. The hydrous ferric oxide probably
was precipitated on the surface of the zirconia crystallites, leading to a fine dispersion as
well. This fine dispersion caused an increase in the crystallisation temperature of the
hematite phase and also retarded the hematite grain growth of the SPZH-powders compared
to identically prepared single-phase hematite.

3.5.2 Crystallisation of CP-powders
3.5.2.1 Zirconia phase composition
The fact that the zirconia (111) reflection of all calcined CP-powders was at 30.5°2• in the
XRD-patterns indicated that the majority of the zirconia had the cubic structure. The
presence of the (112) reflection of tetragonal zirconia at 42°2 •in the XRD-patterns and the
presence of tetragonal zirconia in the Raman spectra indicated that also a part of the
zirconia of all CP-powders was in the tetragonal structure. The mainly cubic structure of
the zirconia can only have been caused by the dissolution of ferric ions in the zirconia
lattice, since the amount of yttria was not enough to stabilise the cubic structure. The extra
amount of Fe(III) ions needed to stabilise the cubic structure does not seem to be very large
though, regarding the fact that CP42 powder heated at 700°C contained roughly 34mol%
hematite FeO1.5 and fully cubic zirconia. That would mean that around 8mol% of FeO1.5
next to the 5mol% of YO1.5 were sufficient to stabilise the cubic structure. It has been
reported previously that the cubic structure of zirconia can be stabilised at room
temperature by the dissolution of ferric ions in the lattice.3-6,11-12,25-27 The high
crystallisation temperature for the zirconia (200°C higher compared to single-phased
zirconia) of the CP-powders also indicated the formation of a solid solution of ferric oxide
in zirconia, as was stated previously.3,12,10,25,26
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3.5.2.2 Hematite phase crystallisation
When comparing the DSC-diagrams and the HT-XRD diagrams of CP27 and CP34 it
seems very likely that the exotherms at 849 and 882°C (CP34 and CP27 respectively)
indicated the formation of the hematite phase. HT-XRD experiments showed that
simultaneous with the formation of the hematite phase, the zirconia changed from mainly
cubic to mainly tetragonal (see Fig. 11). This indicates that the hematite phase precipitates
out of the zirconia lattice of the CP27 and CP34 powders. This is confirmed by the fact that
CP34 changed from mainly cubic to mainly tetragonal between 700°C and 800°C, with a
hematite phase formation temperature of 849°C (determined by DSC). For CP27 the
zirconia changed from mainly cubic to mainly tetragonal between 800°C and 900°C, in
accordance with the hematite phase formation temperature of 882°C. The exotherms of
CP34 and CP27 at 849 and 882°C respectively can not have been caused by the phase
change of cubic to tetragonal, since this phase change also occurred for the CP40 and CP42
powders, and these powders did no not show any exotherms in the DSC-pattern at a
temperature of above 700°C. Figure 11 clearly shows that the phase change from mainly
cubic to mainly tetragonal occurred above 700°C for all CP-powders.
Although the mainly cubic structure of CP42 and CP40 (up to 700°C) indicated the
solution of ferric ions in the zirconia structure as well, hematite was formed at the same
temperature as zirconia, namely 600°C. The total amount of ferric ions must have been to
large to be taken up totally in the zirconia lattice. The presence of ferric ions in the zirconia
lattice introduces vacancies that can stabilise the cubic or tetragonal structure.15 This
situation, however, is metastable, since the Fe 3+-ions prefer a six-fold oxygen co-ordination
number, which is not possible when they are present in any zirconia lattice. Therefore, upon
heating, the ferric ions leave the zirconia lattice to form a separate hematite phase.

3.5.3 Solid solubility of FeO1.5 in 3Y-TZP
3.5.3.1 SP powders
There are no indications that a solid solution of ferric ions in the zirconia lattice has been
formed in any of the SP-powders, all zirconia of the SP-powders was mainly tetragonal.
The dissolution of ferric ions in the zirconia lattice can not be excluded, but can not be
more than a few percent.

3.5.3.2 CP27 and CP34 powders
The absence of any hematite signals in the XRD of the CP27 and CP34 powders suggests
that all ferric ions have dissolved in the zirconia lattice. This may not necessarily be true.
Tabora and Davis28 showed by using EXAFS that nanoclusters with Fe2O3 were present at

the surfaces and defects of zirconia grains in zirconia doped with 2.3 mol% Fe2O3. No
hematite phase was detected by XRD in this material. It can not be excluded that at least a
part of the ferric ions of CP27 and CP34 could have been present as nanoclusters dispersed
on the surface of the zirconia. It is not likely, however, that large amounts of ferric ions
were present in these nanoclusters, since it can be expected that such an amount of clusters
would lead to hematite formation at <800°C.
Although the starting amounts of ferric oxide dissolved and also the starting
temperature of the ferric ions expulsion process differed for the CP powders, the
temperature of completion of the expulsion process for the ferric ions was the same for all
CP-powders, namely 900°C. At 900°C almost no ferric oxide seemed to be dissolved in any
of the CP-powders, judging from Fig. 12.

3.5.3.3 CP27 and CP34: comparison with literature
The solid solubility of 30 mol% of FeO1.5 in 3 mol% yttria-doped zirconia after calcination
at 700°C is quite high. The highest reported solubility of FeO1.5 in ZrO2 for powder
calcined at 700°C is 33 mol% FeO1.5.5 That powder was made by co-precipitation as well.5
For a ZrO2-FeO1.5 powder made by co-precipitation and calcined at 750°C a solubility of
50-83 mol% FeO1.5 was reported.10 The HT-XRD of CP34 showed the presence of hematite
at 800°C, but CP27 contained only zirconia when heating at 800°C in the HT-XRD
chamber for 2 hours. This indicates that at a temperature of 800°C at least 25 mol% of
FeO1.5 was dissolved in the zirconia lattice. For a ZrO2-Fe2O3 powder calcined at 800°C,
the highest amount of FeO1.5 dissolved in the zirconia lattice reported to date is 7.7 mol%.14
It was also reported that between 20-30 mol% of FeO1.5 was dissolved in ZrO2 after heating
with 10°C/min to 920°C followed by immediate cooling.26 This shows that a high amount
of iron oxide that remained dissolved in the zirconia lattice can also be due to a short
heating time treatment and/or fast cooling. If the CP27 and CP34 powders would be heated
at 700-800°C for more than 2 hours, hematite might be formed at these temperatures. In all
these reported cases the high solubility of FeO1.5 in the zirconia phase was due to the use of
a co-precipitation synthesis.5,10,26

3.5.4 Homogeneity
3.5.4.1 CP27 and CP34-powders and the standard deviation in the
measurement method
The one-phased CP27 and CP34 powders had the most homogeneous elemental distribution
(Ho = 0.14, see table 3). Since it seemed that all ferric ions were dissolved in the zirconia
lattice, the standard deviation for these powders should be equal to the standard deviation in
the measurement method (estimated at 0.07). The fact that the CP27 and the CP34 powders
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gave the same value for H0 and the fact that they did not show any sign of second-phase
formation indicates that the standard deviation in the measurement method (0.07) was
estimated to low. More probably the value of 0.14 measured for the CP27 and CP34 was
the standard deviation in the measurement method. This H0 value of 0.07 was determined
by measuring the standard deviation in a series of measurements of 0.5x0.5 millimeter. This
series can in fact not be compared with a series of measurements on a volume of 1x1
micrometer, since the measurement conditions in both cases were different.

3.5.4.2 CP27 and CP34 powders and the homogeneity of the coprecipitation method
The used co-precipitation technique has led to a homogeneous solid solution of ferric oxide
in zirconia. Often co-precipitation techniques lead to phase separation during gel synthesis
due to different hydrolysis rates of the different cations.29 The direct addition of the mixed
chloride salt solution to ammonia apparently has led to instantaneous and homogeneous
precipitation, due to the very fast increase in pH. This result is in disagreement with the
statement of Millar and Ko30 who pointed out that alkoxide sol-gel methods to make multicomponent oxides led to better homogeneity than aqueous co-precipitation.
Drying the aqueous CP34 gel showed that a different washing/drying treatment can
have a very large influence on the resulting homogeneity. The drying of an aqueous
suspension led to a less homogeneous Fe-Zr distribution compared to drying of a wellwashed ethanol gel. This less homogeneous Fe-Zr distribution locally increased the ferric
ion concentration to such an extent that the hematite phase was formed upon calcination at
600°C. This shows the importance of the alcohol washing step.

3.5.4.3 SPHZ powders
The SPHZ-powders gave the highest Ho values (see table 3). The TEM-pictures of these
powders (see Fig. 14) showed the presence of agglomerates of hematite particles. Although
it was shown that suspensions of these hematite particles were stable compared to
suspensions of diamond-shaped hematite crystals of comparable size, this stability was not
enough to prevent some degree of agglomeration before the zirconia was precipitated in the
hematite suspension.31 The hematite particles of the SPHZ method were synthesised at a pH
of 1-2, which pH is too low to provide good stability.10 A pH of 2-3 is better, since at this
pH the double-layer extends further from the surface of the colloidal particles.31 The Iso
Electric Point (IEP) of hematite has been reported to vary from pH 521 to pH 10.22 The pH
was raised to 7 during precipitation of the ZrOCl 2 and YCl3 solution in the case of SPHZ43
and to pH 11 in the case of SPHZ34. At both pH values the hematite suspension was not
very stable, only at pH<<7 hematite suspensions are reasonably stable if no surfactant is

used.22 That may explain the agglomeration of the hematite particles in the case of the
SPHZ synthesis method. The rate of agglomeration of hematite particles can be severely
reduced with the use of a stabiliser such as hydrolysed polyacrylamide.35

3.5.4.4 SPZH and CP40 and CP42 powders
The Ho-value of the calcined SPZH-powders did not vary much with the iron oxide content
(0.18 to 0.22). The Ho-value of the calcined SPZH-powders was only a factor 1.3-1.6
higher compared to CP27 and CP34, which is in accordance with the TEM-results. It seems
that the Ho value of the CP-powders increased with the amount of hematite phase that was
present. CP40 has an Ho-value comparable to that of the SPZH powders and CP42 has a
Ho value that is already a factor 2.2 higher than that of CP27 and CP34.
The agglomeration of the zirconia crystals in the suspension wherein the ferric ions
were precipitated did not prevent the formation of a homogeneous distribution of zirconia
and hematite crystallites for the SPZH powders. This homogeneity was less compared to
the homogeneity of a solid solution, however. The good homogeneity of the SPHZ powders
is due to the controlled precipitation reaction in combination with the vigorous mechanical
stirring during the precipitation. In general the SPZH-method gives the best perspectives
for the synthesis of homogeneous two-phase nanocrystalline zirconia-hematite powders.

3.5.4.5 Uncalcined powders
The Ho-value of the uncalcined powders was found to be identical to the Ho-value of the
calcined powders. This observation is confirmed by an observation, reported before that the
atomic bond-distances in precipitated amorphous zirconia-iron oxide gels hardly change
upon calcination,36 which means that the homogeneity did not change either. The separation
between the Zr- and Fe-species in CP40 and CP42 must have occurred already before the
calcination step. It has been reported previously, that when the Fe(III)/Zr(IV) molar ratio of
a co-precipitated amorphous hydroxide gel was low a single co-gel was formed, while at
high Fe(III)/Zr(IV) molar ratio a mixture of two gels was formed.12 Cation-segregation in
multicomponent gels has been reported to be quite common.29

3.5.4.6 Hydrothermally crystallised powders
The zirconia-hematite powders that were made by hydrothermal crystallisation (HT in table
3) had a less homogeneous Zr-Fe distribution compared to that of the powders that were
calcined. This dehomogenisation of the Zr(IV)-Fe(III) distribution during the hydrothermal
treatment might be due to Ostwald-ripening during the hydrothermal treatment, since the
XRLB-results showed that the HT-treatment led to larger hematite crystals. It has been
reported in the case of an alumina-ceria composite powder that an aqueous hydrothermal
treatment of the precipitated amorphous composite gel led to a coarser crystalline

68

Chapter 3

composite powder with larger agglomerates of the minority phase (ceria) compared to
crystallisation in air by heating.37 Growth of the crystals of the minority phase and
dehomogenisation in a two-phase amorphous gel during hydrothermal treatment thus seems
to be a quite general process.

3.6 Conclusions
By co-precipitating an aqueous solution of chloride salts in ammonia and subsequent
calcination solid solutions of FeO1.5 in Zr0.95Y0.05O1.98 were formed. When calcining at
700°C up to 30 mol% FeO1.5 could be dissolved in Zr0.95Y0.05O1.98, and at 800°C up to
25 mol%. When calcining at 900°C the large majority of the ferric ions were expelled from
the cubic zirconia lattice to form a separate hematite phase. The single-phased ferric oxide
doped 3Y-TZP consisted of nanocrystalline (8 nm) agglomerated cubic zirconia particles. If
more than 34 mol of FeO1.5 was added during the co-precipitation, a two-phase zirconiahematite powder resulted after calcination. With increasing excess of ferric ions during the
co-precipitation, the inhomogeneity of the precipitate rose. The hematite crystallite size
also increased with increasing excess of ferric ions, to 41 nm for 42 mol% of added FeO1.5.
Although only approximately 8 mol% FeO1.5 was dissolved in the zirconia lattice of these
dual-phase co-precipitated powders, this amount was sufficient to stabilise the cubic
structure up to 800°C. The crystallisation temperature of the zirconia phase of all coprecipitated powders was more than 200°C higher (670°C) than that of pure amorphous
zirconium (hydr)oxide.
For all used synthesis techniques 7-8 nm zirconia crystallites were formed. The
hematite crystal size varied with the synthesis method. Precipitating a ferric chloride
solution in a suspension of zirconia and subsequent calcination led to the smallest hematite
crystallites of 18-29 nm. These powder composites were the most homogeneous dual-phase
composites obtained. If the hematite phase was made first, a relatively inhomogeneous
powder resulted with large hematite crystals (41-70 nm). The use of hydrothermal
crystallisation instead of calcination to crystallise (partly) amorphous composite gels led to
dehomogenisation and hematite crystallite growth due to Ostwald-ripening. The
homogeneity of nanocrystalline two-phased powders was determined (semi)-quantitatively
by statistical analysis of quantitative SEM/EDX-method data. We believe that this method
is of general use for multicomponent powders and compacts.
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4

The synthesis of mixed Y2O3-dopedZrO2 (3Y-TZP) and RuO2 (ruthenia)
nanopowders

4.1 Abstract
The synthesis and characterisation of the dual-phase nanopowder system Y2O3-doped-ZrO2
and RuO2 are described. Four powders were prepared from two different synthesis methods
and with stoichiometric variation in the RuO2 content (15 to 46 mol%). In the coprecipitation (CP) method, an aqueous chloro metal precursor solution was co-precipitated
in a concentrated aqueous ammonia (pH ~14) solution. In the second sequential
precipitation (SP) method, an aqueous RuCl3 solution was precipitated through addition to
a previously prepared nanocrystalline 3Y-TZP (3 mol % Y2O3-doped-tetragonal-ZrO2)
aqueous ammonia suspension. Following filtration, washing and drying, both synthesis
routes yield a dark coloured homogeneous powder with primary particles homogeneously
distributed. Fully crystalline dual-phase powders were obtained after calcination in air at
600°C. The crystallite sizes for the t-ZrO2 and RuO2 phases were on average 8 and 17 nm
(i.e. nano-nano powder) respectively.
The powders were characterised by X-ray diffraction (XRD), transmission electron
microscopy (TEM) coupled with energy dispersive X-rays (EDX), backscatter Raman
spectroscopy (to elucidate the ZrO2 phase), and quantitative X-Ray fluorescence (XRF).
Additionally for the uncalcined powders, elemental analysis and FT-IR spectroscopy were
utilised. The crystallisation behaviour of the precipitated powders as a function of
temperature was also investigated. The morphology and homogeneity of these powders
were probed with TEM/EDX and SEM/EDX. The study indicates a strong correlation
between synthesis method used and the composition and crystallisation behaviour. The CP
method afforded more homogeneous powders when compared to the SP method. The
homogeneity of all powders decreased with increasing calcination temperature.
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4.2 Introduction
Nanocrystalline ceramics have potential and demonstrated applications in a wide range of
technologies, including solar energy conversion,1 materials with high strength,7 catalysis,3,4
magnetic materials,5 and electroceramics.6 Ceramic materials with grain sizes in the
nanodomain exhibit plastic deformation by grain boundary sliding7 and can have improved
mechanical properties.8-10 Densification proceeds at a lower temperature for nanoceramics
when compared to coarse-grained materials of similar composition.11 Electrical and
magnetic properties of materials can be altered by a decrease in the grain size.12
The oxidic materials chosen for the present study comprise Y2O3-doped-ZrO2 and
RuO2. The former is an oxygen ion-conducting material 13 due to oxide vacancies caused by
the dopant, and the latter is a metallic conductor with a d-band conduction mechanism. 14 In
addition, RuO2 is a very active electrocatalyst used in the anodic oxidation of Cl2 and
cathodic reduction of O215-18 and shows high catalytic activity in the Fischer-Tropsch
process.19 Provided the RuO2 phase remains percolative in the composite, it can tolerate
large additions of a second phase (e.g. up to 85% TiO2) without loss of metallic
conduction.20 Zirconia has been added to RuO2 to function as a stabiliser in electrode
materials.21,22 RuO2-YSZ (8 % Y2O3-doped-ZrO2) has also been evaluated as electrode in a
solid oxide fuel cell cathode. 23
Colomer and Jurado reported the amorphous solid state solution [(ZrO2)0.92(Y2O3)0.08]1(0 ≤ x ≤ 0.3 mole) obtained by a sol-gel process from non-halogenated precursor
metal salts. With powder XRD as the primary characterisation tool, it was claimed that the
solubility of RuO2 in ZrO2 for this system was 8-10 mol % at temperatures up to 500°C. 24,25
Djurado
and
co-workers
investigated
the
related
amorphous
system
x(RuO2)x

[(ZrO2)0.91(Y2O3)0.09]1-x(RuO2)x (0 ≤ x ≤ 0.2 mole). When a solution containing ruthenium
nitrosyl nitrate, zirconyl nitrate, and yttrium nitrate was dried and subsequently calcined at
900°C, the solubility of RuO2 in ZrO2 was found (by XRD) to be 10-12.5 mol %.26 The
result is in accordance with that obtained by Colomer24,25 and Long and co-workers.27 The
latter used the same synthesis route as Djurado but found a solubility limit of 10-15 mol %
up to 800°C (by XRD) for the system [(ZrO2)1-x(RuO2)x] (0 ≤ x ≤ 0.15 mole). Thus, the
results of Colomer24,25, Djurado26 and Long27 are in good agreement with each other and
indicate a solubility of ca.10% RuO2 in both undoped ZrO2 and yttria stabilised ZrO2 when
using the co-precipitation method.
Comninellis, however, reported that no mixed-phase exists in the RuO2-ZrO2 system.
The conclusion was based on XRD data obtained from the precipitation of mixed solutions
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of aqueous RuCl3 and ZrOCl2 that were calcined at 460°C.28 Other reports are in agreement
with the latter results and stated that heating a composite obtained from dry powder mixing
of RuO2 and ZrO2 powders does not lead to dissolution of one oxidic phase into the
other.23,29 The above arguments demonstrate that the synthesis conditions have a large
influence on the solubility limits in the ZrO2-RuO2 system and hence the phase composition
of the final composite. To ensure that a two-phase powder will result from synthesis it
seemed appropriate to add at least 15 mol% of RuO2.
In the present study four nanopowders were prepared, each containing two phases with
composition [(ZrO2)0.97(Y2O3)0.03]1-x and [RuO2]x (0.15 ≤ x ≤ 0.46 mole) after calcination at
600°C. Each powder calcined at 600°C contained nanocrystalline (below 20 nm) primary
particles. The composition and homogeneity of the powders were investigated as a function
of synthesis method and calcination temperature. The goal was to obtain a homogeneous
nanocrystalline powder consisting of two phases namely yttria-stabilised tetragonalzirconia and ruthenia.

4.3 Experimental
4.3.1 Synthesis
For the CP (Co-Precipitation) method, an aqueous solution (1 litre) was prepared from the
following chlorometal precursors materials: ZrOCl2·8H2O (Merck, Germany), YCl3 (Cerac,
USA) and RuCl3·xH2O (Acros, Belgium), where x = 3.4 as determined by thermogravimetric analysis. The molar percentages of metal ions were varied for each synthesis
with a total metal ion concentration in the range 1.7 to 3.0 M. The molar ratio for Zr 4+:Y3+
was maintained at 95:5. The dark coloured solution (pH ~2) was filtered through a 0.025
µm membrane to remove any insoluble species. The solution was added to 8 litres of a
concentrated aqueous ammonia (pH ~14) solution contained in a PTFE-coated stainlesssteel vessel (∅ = 25 cm) over a 6 hour period. The ammonia solution was stirred vigorously
and continuously with a top-mounted turbine stirrer (∅ = 12 cm). The metal-containing
solution was added with the aid of a peristaltic pump through a tube of 1.5 mm diameter.
The end of the tube was placed directly above the tip of the stirrer to maximise nucleation
sites (and minimise nucleus growth). During the addition process, the gradual decrease in
basicity was brought to a stop at a minimal pH of 12 through additions of ammonia. Once
the metal ion solution had been added, a dispersion-stirrer replaced the turbine-stirrer and
the suspension was stirred for an additional hour. The resulting black gel was filtered and
washed with distilled water to remove most chloride ions. Water washing was continued
until the pH had decreased to 9; the pH could not be further decreased without the risk of
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re-dissolving the precipitated gel. The precipitate was finally washed with ethanol until the
density of the filtrate was below 0.79 g cm-3 (i.e. water content <5%). The black coloured
gel, suspended in ethanol, was then oven-dried overnight at 100°C. The resulting
amorphous powder was mortared and then calcined in air at different temperatures for 2
hours at a heating rate of 2°C min-1.
The SP (Sequential Precipitation) method was used only for the preparation of one
powder. An aqueous solution which contained ZrOCl 2·8H2O (30.0 g, 93.1 mmol), and YCl 3
(0.91 g, 4.6 mmol) was prepared (molar ratio Zr4+:Y3+ = 95:5) and made up to 1 litre. The
clear and colourless solution was slowly added to 8 litres of aqueous ammonia (pH ~14)
using the same set-up as described for the CP-method. The reaction formed a voluminous
“metal-hydroxide” gel that was concentrated to a volume of 400 ml by filtration. The
concentrated gel was subsequently subjected to hydrothermal treatment through heating in
a closed vessel at 200°C under 106 Pa pressure for 2 hours to form nanocrystalline (average
grain size 8 nm) 3Y-TZP. 30 The powder was then suspended in 8 litres of aqueous ammonia
(pH ~14) by vigorous stirring. A separate aqueous solution (1 litre) of RuCl3·3.4H2O (12.4
g, 46.0 mmol) was slowly added to the suspension over 5 hours. A similar experimental setup and work-up procedure as described above were used. During the addition process, the
pH decreased to a minimum value of 12. The precipitate was washed and dried, and then
mortared and calcined in air at 600°C for 2 hours with a heating rate of 2°C min -1.

4.3.2 Powder characterisation
Quantitative X-ray fluorescence (XRF) was performed on a Philips PW 1480/10fluorometer (Eindhoven, The Netherlands). Samples were prepared for measurement by
pressing the powders with the use of a binder into a tablet. The measurement method has
been described previously.31 All uncalcined powders were subjected to elemental analyses
(C, H, N) performed on a EA 1108 element analyser and infrared spectroscopy (FT-IR),
performed on a FT/IR 410 spectrometer (Jasco, Japan). The samples were intimately mixed
with KBr through grinding in a mortar and pressed into a tablet.
Backscatter Raman spectra were recorded from an Ar-Kr mixed gas laser operating at
488 nm. The laser was coupled with a Coherent 70 Innova spectrum detector (LN/CCD
1100 PB/VISAR Princeton Instruments Inc., Trenton, USA). A backscatter geometry was
used with a pinhole width of 50 micron and a laser intensity of approximately 5 mW. The
equipment set-up is described more extensively elsewhere.18
For powder X-Ray Diffraction (XRD) and X-Ray Line Broadening (XRLB)
measurements two types of diffractometers were utilised. Data for the phase composition of
the calcined powders were collected at room temperature with a Philips X'Pert-1 PW3710
diffractometer (Eindhoven, The Netherlands), using Cu-K• (λ=1.542 Å) radiation with a
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secondary curved graphite monochromator. The same apparatus was used to measure the
X-Ray Line Broadening (XRLB) to determine the average crystallite size of the phases of
the powders with the Scherrer formula. 24
The amorphous-to-crystalline transitions were monitored from variable temperature
XRD data obtained on a Philips X'Pert MPD HTK-16 (Anton Paar) diffractometer
(Eindhoven, The Netherlands) fitted with a Cu-tube and a secondary curved graphite
monochromator. A few milligrams of each uncalcined powder were dispersed onto a Ptfoil. The foil was heated in a high temperature XRD (HT-XRD) chamber at a rate of 2°C
min-1 to 700°C to determine the onset-temperature of crystallization and changes in phase
composition. The temperature was raised with 100°C increments and kept constant for 2
hours at each interval after which the XRD spectrum of the powder was measured in situ.
Following the measurement at 700°C, the powder was cooled to room temperature where
another XRD measurement was performed.
The crystallisation temperatures of the amorphous zirconia containing powders were
determined with differential scanning calorimetry (DSC). Approximately 50 mg of each
uncalcined powder was heated with 10°C min-1 to 700°C or 750°C in an alumina crucible
in air using a Setsys-18 thermal analyser with a DSC-1500 measuring head (Setaram,
Caluire, France). Upon reaching the highest programmed temperature, the powders were
cooled down immediately. The phase composition of the powders after the DSC
measurements was verified with XRD.
Transmission electron microscopy (TEM) coupled with Energy Dispersive X-Ray
analysis (EDX) was performed with a Philips EM30 Twin/STEM TEM (Eindhoven, The
Netherlands), provided with a KEVEX Delta-Plus EDX (Redwood City, USA) to
determine the crystallite size and the chemical composition. The spot diameter for EDX
measurement in all cases was 34 nm. The samples were prepared by addition of alcohol and
dispersion by ultrasonification for 10 minutes. One drop of the suspension was added to a
copper grid that was air-dried prior to use.
A preliminary investigation to quantify the homogeneity of the title nanopowder
system was started by performing a series of EDX measurements, all under similar
experimental conditions to make useful comparisons. The standard deviation found in the
Ru-content for each sample was taken as a measure for the homogeneity of the powder. The
powders were pressed uniaxially at 1000 MPa into round pills of 10 mm diameter. The pills
were coated with a 5 nm carbon layer to ensure electron conduction. A Hitachi S800
(Japan), equipped with a Kevex Delta Energy V dispersive X-ray analysis system was used
for the EDX measurements of the pressed powders. The angle of incidence was 56° and the
voltage was 15 kV. On each sample a series of 20 EDX-measurements was performed.
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Each measured (micro)locality had both a diameter and information depth of 1 µm. The
measured spots were chosen on the whole surface of each sample, but were not chosen
totally at random. To measure the homogeneity of the bulk matrix, pores and particulates
were avoided as far as possible. Some SEM-pictures of the surface of the pressed powders
were also taken.

4.4 Results and discussion
4.4.1 Composition of precipitated powders
Three powders with different composition were prepared through co-precipitation (CPX)
and one powder through a sequential precipitation (SPX) method, where X denotes the
molar percentage of RuO2 present (by XRF) in the powder. Pure one-phase Y2O3-dopedZrO2 and RuO2 powders were also prepared through precipitation in aqueous ammonia
solution for the purpose of comparison with the dual-phase powders; the yttria doped
zirconia powder is abbreviated to 3Y-TZP (~3 mol % Y2O3).
Amorphous and hydrated powders were obtained by precipitation of the respective
chloro-metal salts from a concentrated aqueous ammonia solution. The chemical
composition and molecular structure of the ruthenium species formed from the above
precipitation synthesis route has been resolved partially. It is evident, based on a variety of
analyses performed, that the precipitated species does not contain only metal hydroxides.
Elemental analysis showed appreciable quantities of carbon and nitrogen. Elemental
analyses performed on the uncalcined powders indicated that when amorphous RuO2 was
diluted with amorphous Y2O3-doped-ZrO2 the percentage of carbon present in the organic
residues decreased from ~8 wt % C in pure one-phase “RuO2” to ~1.4 wt % C in CP15,
while the percentage of nitrogen decreased from ~6 wt % N to ~0.4 wt % N. This
observation suggests the presence of Ru complexes to be ligated by or closely associated
with carbon and nitrogen species.
Although this paper is focused more on the calcined title powders, a number of
qualitative tests and analyses on the uncalcined materials provided additional clues to the
nature of the Ru species. A few drops of H2SO4 (~1.0 M) were added to the uncalcined
powder CP46 after which CO2 evolution was observed, suggesting carbonate formation.
Carbonate formation in hydrous RuO2 systems has been indicated previously,34,35 possibly
originating from aerial CO2 dissolved in the aqueous ammonia solution.
The structure of the precipitates was also investigated by IR spectroscopy in an
attempt to determine the presence of possible functional moieties. The IR spectra of
uncalcined CP46 and “RuO2” were recorded and compared with uncalcined 3Y-TZP to
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establish if any vibrational stretches correspond only to the ruthenium species. The most
remarkable observations were the growth of two signals of medium intensity at 1026 and
1045 cm-1 with concomitant increase in “RuO2” content, and a medium strong signal at
1410 cm-1. Nakamoto36 reported the presence of signals at 1342 cm-1, 1368 cm-1 and 1616
cm-1 in the IR-spectrum due to presence of amines ligated to a ruthenium metal center.
Apart from the signal at 1368 cm-1, the aforementioned signals were clearly present in the
spectra of amorphous CP46 and “RuO2”. In addition, amorphous CP46 and “RuO 2” show a
signal at 1845 cm-1 which absorbs in the same region where Porta assigned 34 a strong signal
at 1846 cm-1 for the linear Ru-NO moiety. Furthermore, the latter signal intensifies with
increased ruthenium concentration in the powder, suggesting that the functionality
represented by the signal is closely associated with the ruthenium compound. The amine
and nitrosyl groups can originate from the ammonia that was used to precipitate the
chloride salts.
The presence of organic residues, whether strongly adsorbed onto the surface or
ligated to the Ru metal center (or both), caused reduction of “RuO2” and formed large
amounts of Ru metal in cases where the bulk “RuO2” or SP35 powder was calcined at
temperatures below 600°C. Related studies37,38,39 of powders that were mixtures of RuO2
and other oxides indicated Ru metal in a powder formed by the hydrolysis of Ru(OEt)3 in
aqueous ammonia and calcined at 450°C. This was the case for both pure RuO237,38,39 and
RuO2 diluted up to 40% with SnO 237 or IrO2 and TiO2.39 The presence of Ru0 was attributed
to a disproportionation (self-redox) reaction from Ru3+ to form the species Ru0 and Ru4+.37
Although the occurrence of a disproportionation reaction can not be excluded, it seems
more likely that the incomplete combustion of organic residues in bulk powders led to
reduction to Ru0 at insufficiently high calcination temperatures. When adding higher
amounts of SnO237 or IrO2 and TiO239 no metallic Ru was observed. In the present study it
was also found that addition of a second oxide to RuO237,38,39 leads to a lower percentage of
organic residues in the precipitate which prevented reduction of RuO2. In the case of SP35
the crystalline zirconia present due to sequential precipitation did not have a diluting effect,
while for the co-precipitated powder the amorphous zirconia led to enough dilution of the
amorphous ruthenia to prevent reduction.

4.4.2 Crystallisation and composition of calcined powders
The molar compositions of the four powders after calcination at 600°C were determined by
quantitative XRF. The results are shown in table 1.
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Table 1 Quantitative XRF data showing the molar percentages
composition of the system Y2O3-doped-ZrO2 and RuO2
nanocomposite powders after calcination at 600°C
Powder

ZrO2

Y2O3

HfO2

RuO2

Cl

CP46
SP35
CP33
CP15

mol%
49.7
61.4
63.0
79.4

mol%
3.1
2.7
3.2
4.1

mol%
0.5
0.6
0.6
1.0

mol%
46.3
34.8
33.0
15.1

mol%
0.1
0.4
0.2
0.4

High temperature XRD (HT-XRD) and DSC experiments showed that the crystallisation of
ZrO2 was inhibited by the close presence of RuO2 - the higher the RuO2 content in the
coprecipitated powder, the higher the crystallisation temperature of ZrO2. DSC showed that
the onset-temperature of ZrO2 crystallisation was increased from 426°C (with a heating rate
of 10°C min-1) for the one-phase 3Y-TZP, to 652°C for CP46. It is known that the
crystallisation temperature of ZrO2 can be increased through addition of other oxides, such
as Fe2O3.40
All amorphous yttria-doped-zirconia
containing powders showed XRD patterns
at room temperature with two very broad
signals at 32°2• and 54°2• indicating that
the zirconia had already obtained some
ordering41 after drying at 100°C (see Fig.s
1 and 2). XRD data showed that in all
cases the crystallisation of ZrO2 occurred
at a higher temperature than for RuO2. All
XRD patterns measured at 100°C and
200°C were identical to the corresponding
XRD pattern measured at roomtemperature (R.T.). The powders were
Fig. 1 High temperature XRD spectra of 3Y-TZP
measured to a maximum temperature of
powder after drying at 100°C
700°C since beyond that temperature the
RuO2 phase starts to oxidise further and becomes volatile42 so that it leaves the system as
RuO4 vapour while one-phase 3Y-TZP remains. With HT-XRD the single phase
amorphous yttria-doped-zirconia powder showed the first crystalline zirconia at 400°C (see
Fig. 1), in accordance with the DSC results.
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In the HT-XRD of dual-phase powders
CP33 and CP15, however, crystallisation
of yttria-doped-zirconia was visible at
500°C. Crystallisation of yttria-dopedzirconia was visible at 600°C in the CP46
powder (see Fig. 2). Figure 2 also shows
signals corresponding to the Pt surface43
that remained accessible to the X-rays
beneath the powder during data collection.
The powder SP35 contained crystalline
yttria-doped-zirconia at room temperature
since it was previously formed through
hydrothermal synthesis. For all amorphous
ruthenia-containing powders, (nano)crystalline RuO2 is first detected44 at
Fig. 2 High temperature XRD spectra of CP46
300°C (see Fig. 2).
composite after drying at 100°C. Pt = PtAs mentioned before, calcination of
foil, Z = ZrO2, R = RuO 2
amorphous ruthenia and SP35 at
temperatures below 600°C also resulted in the presence of metallic Ru.45 In Fig. 3 the
XRD-diagrams of “RuO2” after calcination at 400°C and 600°C are shown. The large
amount of metallic Ru present after calcination at 400°C is evident. No Ru metal was
observed when CP46, CP33 and CP15 were calcined at temperatures below 600°C. In Fig.
4 the XRD-diagrams of SP35 and CP46 after calcination at 400°C are shown. SP35
consisted of crystalline ruthenia, metallic Ru, and zirconia, while CP46 contained only
ruthenia as a fully crystalline phase.

Fig. 3 XRD spectra of “RuO2” calcined at 400
and 600°C. R = RuO2, Ru = Ru metal

Fig. 4 XRD spectra of CP46 and SP35 calcined
at 400°C. Z = ZrO 2, R = RuO 2, Ru = Ru
metal

82

Chapter 4

After calcination at 600°C all powders
showed the same phases in the XRD-pattern,
a mixture of RuO2 and cubic and/or tetragonal
zirconia, as can be seen in the representative
Fig. 5. These XRD-patterns were used to
estimate the solubility of RuO2 in 3 mol%
yttria-doped-zirconia. The concentration c of
RuO2 in molar percentage present in the
powder mixture can be approximated with the
following
formula: Fig. 5 XRD spectra of CP33 and SP35 calcined

c
R(111)
= 100 * α *
1− c
Z (110)

at 600°C. Z = ZrO 2, R = RuO 2

(4.1)

• = correction factor, R(111) = the area of the RuO2 (111) reflection of the XRD-pattern,
Z(110) = the area of the 3Y-TZP (110) reflection of the same XRD-pattern
The alfa-factor was calculated by quantifying the areas of the XRD-signals of the
RuO2 (111) reflection and the 3Y-TZP (110) reflection for the three CP-powders and then
scaling c/(1-c) against R(111)/Z(110). The alfa-factor is the slope of this line. In this way •
was determined to be 1.31. Formula 4.1 can be rewritten to give the following expression
for c:

(4.2)
Formula 4.2 has been used to make Fig. 6
using the data of the XRD-patterns of the
CP-powders calcined at 600°C. Figure 6
shows a linear correlation between the
concentration c of RuO2 in molar
percentage present in the powder mixture
and 100*R(111)/(Z(110)*• +R(111)). This
line crosses the x-axis at c = 3. This means
that the solid solubility of RuO2 in the
zirconia phase of the at 600°C
coprecipitated powders can not be higher
than 3 mol%.

Fig. 6 The concentration of RuO2 in molar
percentage present in the CP-powders
after calcination at 600°C as determined
by XRD
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Since all powder grain sizes investigated in this system were in the nanoscale domain
(<20 nm) for both oxidic phases present in the powders, the problem of signal broa dening
in the XRD spectra was amplified to the extent that phase assignment could not be made
unambiguously. This feature hampered assignment of the zirconia phase (tetragonal or
cubic) since the signals that characterise these phases are all in close proximity and the
appropriate signal splitting could either not be observed or the signals overlap with the
RuO2 phase in the same region of the spectrum.
All XRD-spectra of the calcined powders showed the presence of the (112) reflection
at 42°2• , which is specific for tetragonal zirconia46, but that does not say much about the
amount of cubic zirconia47 present. Therefore the exact peak position of the zirconia (111)
reflection in all spectra was determined. For all powders this position was below 30.25°2• ,
close to the 30.2°2• of t-zirconia46, and more far away from the 30.5°2• of c-zirconia.47
This means that the zirconia for the large majority at least consist out of the tetragonal
phase.
We also tried to elucidate the phase composition of the yttria-doped-zirconia with
Raman-spectroscopy. The spectra of all powders were identical to the Raman-spectrum of
3Y-TZP, showing the tetragonal ZrO2 phase.48,49 Thus, the Raman measurements also
clearly indicate that in all cases the yttria-doped-zirconia is primarily in the tetragonal
phase. Typical Raman spectra obtained are shown in Fig. 7. The presence of monoclinic
ZrO2 was excluded both from Raman and XRD data.
In the Raman spectrum, cubic-ZrO2
shows an F2g band23 at 610 cm-1 which
overlaps with both an A1g band at 613 cm-1
and an Eg band at 640 cm-1 of tetragonal
ZrO2.22 Tetragonal-ZrO2 is a stronger Raman
scatterer than cubic-ZrO2, which make
quantitative analysis of the spectra rather
difficult. It was shown that cubic zirconia
with a small amount of tetragonal zirconia
still can appear tetragonal in the Ramanspectrum.52 Since no ruthenia bands were
visible in the Raman-spectra of the mixed
powders, it can be concluded that tetragonal
zirconia also is a stronger Raman scatterer
than ruthenia.
Fig. 7 Backscatter Raman spectra of selected
powders after calcination at 600°C
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4.4.3 Morphology and homogeneity of the powders

Table 2 Average crystallite sizes of the
3Y-TZP- and RuO2 phases after
calcination at 600°C as measured
by XRLB
Powder

3Y-TZP
crystallite
size (nm)

17 ± 2

RuO2

Fig. 8 TEM micrograph of CP33 composite after
calcination at 600°C

RuO2
crystallite
size (nm)

CP46

8±1

17 ± 2

SP35

7±1

38 ± 10

CP33

8±1

17 ± 2

CP15

8±1

17 ± 2

3Y-TZP

8±1

The morphology of the title powders was
investigated with TEM. No difference in
morphology and distribution of the two
phases could be observed between CP46 and
CP33. The XRLB results are tabulated in
table 2.
A small cluster of ZrO2 crystallites of
CP33 is shown in Fig. 8 which, according to
EDX, contains less than 5 mol% RuO2. A
larger cluster of CP46 shown in Fig. 9
contains Zr and Ru species in the same
proportion as found by XRF for the bulk Fig. 9 TEM micrograph of CP46 composite after
calcination at 600°C
powder. As with all clusters larger than
100 nm, it was difficult to see the individual crystallites.
More information on the distribution of the two phases could be gained by
investigating the surface of the pressed powders with SEM/EDX. Both pictures of CP33
and SP35 (Fig.s 10 and 11 respectively) show ruthenia particulates in a homogeneous
zirconia-ruthenia matrix. It is not clear whether these particulates are single crystals or
clusters of small crystallites, but every particulate that is visible in Fig. 10 and 11 consists
of pure RuO2.

The synthesis of mixed yttria-doped-zirconia and ruthenia nanopowders

Fig. 10 SEM photo of porous CP33 composite after calcination at 600°

Fig. 11 SEM photo of porous SP35 composite after calcination at 600°C
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Individual zirconia crystallites or clusters could not be identified with SEM/EDX. The size
of the ruthenia particulate varies from a few tens of nanometers to a few micrometers. The
small ruthenia particulates are incorporated into the homogeneous matrix while the larger
ruthenia particulates are usually surrounded by large pores. With SEM no separation of the
two components in the uncalcined powders could be observed. The lowest calcination
temperature at which the “RuO2” particulates were observed with SEM was 400°C.
The homogeneity of the matrix of a pressed powder in which the ruthenia particulates
were embedded was examined by SEM/EDX through determination of the standard
deviation in the average Ru-percentage that was determined by measuring with EDX at
different localities. The measured localities had both a diameter and i nformation depth of 1
micrometer. Pores and large particulates were avoided as much as possible, if present. The
homogeneity was quantified by multiplying the relative standard deviation with tn(99),
which is 5.84. Tn is the so-called Student-factor. The number (here 99) indicates that 99%
of the measured datapoints are within the average plus or minus the standard deviation
multiplied by the student factor.24 The homogeneity Ho was quantified with the following
formula:

Ho = t n ( 99 )* ( s / Ruav )

(4.3)

s = standard deviation in Ruav, Ruav = average mol% of ruthenia
The larger Ho, the more inhomogeneous the Table 3 Homogeneity Ho of powders
measured at 20 random
powder. The pressed powders were evaluated as a
localities of 1 micrometer
function of calcination temperature. The results for
diameter with SEM/EDX
the uncalcined and calcined (600°C) powders are
notCalcined
reported in table 3 for CP33 and SP35. The Powder
SEM/EDX results of CP15 and CP46 were similar
calcined
at 600°C
to CP33. The uncalcined powders did not show any
SP35
0.68
2.78
particulates with SEM.
The SEM/EDX results show that the
CP33
0.10
1.49
uncalcined co-precipitated powders are very
homogeneous at least on a scale of
approximately1 • m2. The co-precipitation method led to a more homogeneous mixing of
the elements Zr and Ru compared to the sequential precipitation method. For both methods
calcination at 600°C led to large scale dehomogenisation. The ruthenia segregated into
clusters or grains that are largely situated in or at pores. These clusters or grains can be
several micrometers in size.

The synthesis of mixed yttria-doped-zirconia and ruthenia nanopowders

87

The change in standard deviation of
the Ru-percentage measured at
different spots in the matrix of pressed
CP33 powder calcined at different
temperatures is shown in Fig. 12.
Figure 12 shows that this segregation
already starts below 200°C. The
segregation also indicates a very low
solubility of ruthenia in 3Y-TZP, in
agreement with the XRD results
Fig. 12: Homogeneity of CP33 as a function of
obtained. Segregation of Zr and Ru has
calcination temperature
been observed before in a mixed
zirconia/ruthenia film calcined at 400°C.21 Segregation of ruthenia from oxide powder
mixtures to the pores at temperatures of 400-600°C has been reported for several other
systems, such as mixtures of RuO2 with TiO2,52,53 SnO254 and VO3.23 It is observed that
there is a strong driving force for segregation of ruthenia from many oxides at relatively
low temperatures (400-600°C). Colomer and Jurado56 suggested that the segregation effect
is indicative of RuO2 oxidation, which starts at a much lower temperature than 800°C
reported by Tagirov.42 The small crystallite size of the ruthenia crystals and consequent
high surface area may enhance the rate of oxidation processes dramatically, which
accelerates the formation of volatile RuO3 and/or RuO4 type species.42 This is also
indicated by the fact that the nanocrystalline ruthenia phase of all powders totally
evaporated when heating in the HT-XRD above 700°C.

4.5 Conclusions
Formation of a dual-phase powder consisting of yttria-doped-tetragonal zirconia and
ruthenia has been achieved through two preparative routes, namely co-precipitation (CP)
and sequential precipitation (SP). The precipitation of a solution containing the appropriate
metal species in aqueous ammonia (pH 12-14) led to a very homogeneous powder on a
scale of 1 • m. The CP method resulted in a more homogeneous powder than the SP
method. Precipitation in aqueous ammonia led to carbon and nitrogen based species
associated with the Ru-metal center. As a result of the presence of the carbon- and nitrogenbased species, calcination of amorphous ruthenia below 600°C caused reduction of Ru3+
and/or Ru4+ to Ru0. Homogeneous mixing of the amorphous ruthenia with another
amorphous oxide such as zirconia prevented this reduction.
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The crystallisation temperature of zirconia increased with the amount of amorphous
ruthenia present in the precipitate. Following calcination at 600°C, CP powders were
obtained that consisted of primary crystallites of 8 nm size for 3Y-TZP and 17 nm for
RuO2. The maximal solubility of RuO2 in 3Y-TZP was estimated (by XRD) to be 3 mol %
for the co-precipitated powder calcined at 600°C.
After calcination at 600°C, the crystallites of all zirconia-ruthenia powders were
distributed inhomogeneously due to the fact that the ruthenia phase segregated into the
pores forming large clusters. With the use of EDX it was shown that the segregation
already started below 200°C. The oxidation of RuO2 to higher oxides might already occur
at low temperatures (400-600°C) and be the cause of the segregation of ruthenia from
zirconia and other oxides in nanopowders.
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5 Densification of nanopowders to dense
zirconia-hematite nano-composites
5.1 Abstract
The densification of dual-phase 3Y-TZP- •-Fe2O3 (hematite) powders and single-phase solid
solutions of ferric oxide in yttria-doped-zirconia is described. Several powder compaction
techniques (colloidal filtration and different forms of dry compaction) were compared. The
influence of sinterforging and pressureless sintering on the final microstructure of the
compacts were compared as well. The densification rate was studied with a dilatometer.
The homogeneity and average grain sizes of the sintered compacts were determined with
SEM/EDX.
It was found that compacts made of homogeneous powders produced by the coprecipitation technique showed large-scale-phase segregation and grain growth during
sintering. Compacts made from the less homogeneous sequentially precipitated powders
showed much less phase segregation and relatively small grain growth during sintering.
Dense nano-nano hematite-zirconia composites were made (with grain sizes 80-90 nm) by
sinterforging at 1000°C and 100MPa.

5.2 Introduction
The properties of dual-phase oxidic composites with grains in the nanosize region
(< 100nm) are expected to be different from coarse-grained composites with the same
composition, mainly due to the higher internal grain surface and the increased importance
of interactions between the phases that operate on nanoscale length.1 The only dense (>95%
from theoretical density) nano-nano ceramic oxidic composites that have been obtained to
date are zirconia-alumina composites.5,15 It was shown that the minority phase, alumina,
had an inhibiting effect on the grain growth of the zirconia grains. This means that the
growth of the zirconia grains was inhibited by the presence of the alumina grains. If the
alumina phase was not percolative, the grain growth of the alumina grains was also
severely retarded, because the alumina grains were too far apart to grow together.5,15 These
materials are of interest because of their mechanical properties: it was shown that the
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nanograined zirconia-alumina composite had a lower hardness but increased toughness
compared to larger grained zirconia-alumina composites.34
There are several requirements the starting powders have to meet in order to be
suitable for densification into nano-nano composites. The powder should have a low degree
of agglomeration, and the agglomerates present should be weak.3 The crystallite sizes
should be in the nano-range and the ions that will form the two oxidic phases of the dense
nano-nano composite should be distributed homogeneously in the powder.1 Two types of
powders can be used:
•
•

A single-phase powder in which the cations that will form the minority phase in the
final product are dissolved in the majority phase.

A dual-phase powder in which the nano-crystallites of the two phases are distributed
homogeneously. The less homogenous the minority phase is distributed, the less the
inhibiting effect on the grain growth of the majority phase will be, and also the more
the grains of minority phase will grow during sintering. 1
Most single-phase oxidic nanocompacts that were made up to now are zirconia
ceramics.52,61 Key to the success in the zirconia system appears to be twofold. First, the
grain growth rates during sintering in ZrO2 (especially when stabilised with Y2O3) are one
of the slowest of all single-phase ceramics.3 Second, and quite surprisingly, grain growth is
not greatly affected by pore size in the system. The grain size in zirconia ceramics was
reported to be largely independent of the starting green density and primarily be a function
of time and temperature.3 Densification during sintering usually will be more rapid with
higher green density. The green density can be increased by using higher pressures during
green compact formation.40 Applying a pressure during sintering also accelerates
densification.52 Due to this acceleration in densification lower temperatures are sufficient to
obtain dense compacts, which results in smaller grains. 3,52
The most common problem in sintering to a nanocrystalline microstructure is the
elimination of large pores that originate from the green compact. Sinterforging was shown
to be the most successful technique to overcome this problem, compared to pressureless
sintering and hot-pressing.40 Using pressure during densification can be a convenient
solution to the grain-coarsening problem at densities >90%. 52
The synthesis of zirconia-hematite dual-phase powders and single-phase solid
solutions of ferric oxide in zirconia has been investigated elaborately, using either wetchemical techniques to prepare the composite powder,9,10 or high-energy ball-milling.11
Densification of these powders has scarcely been reported. In most cases ferric oxide was
added in small amounts (up to 3mol%) to 3Y-TZP to improve the mechanical properties of
the compact.12,13,14 If 10 molar % FeO1.5 was added to cubic zirconia (ZY13, zirconia with
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13 molar % (YO1.5) and the powder mixture was sintered at 1480°C, densification was
promoted by the presence of Fe3+.15 Only one investigation of the microstructure of a dualphase zirconia-hematite compact was reported.16 It was shown that using freeze-drying
during powder preparation led to better homogeneity for sintered dual-phase zirconiahematite compacts compared to ball-milling. 16
This study reports the influence of the zirconia-hematite powder synthesis method and
powder composition on the densification and microstructure of the resulting dual-phase 3YTZP-• -Fe2O3 composite. These materials can be investigated to study the influence of the
nano grain size on the electrical properties, since Y2O3-doped ZrO2 is oxygen ionconducting17 and hematite (α-Fe2O3) is an electron-conducting material.18 Both singlephase solid solutions of ferric oxide in zirconia and dual-phase zirconia-hematite powders
have been prepared as starting powders to form dense composites. Different powder
compaction techniques (dry and wet compaction) and sintering methods (pressureless
sintering, sinterforging) were compared. The influence of the powder synthesis and
densification parameters on the final grain size and homogeneity of the dense compact was
investigated with several methods. Dense nano-nano zirconia-hematite composites could be
obtained by sinterforging dual-phase green compacts at 1000°C with 100MPa of pressure.

5.3 Experimental
5.3.1 Powder preparation methods
The powder synthesis was described before.19 Two general different synthesis routes were
used and powders with different composition were prepared by:
•

Co-Precipitation (CPX), in which a solution of ZrOCl2·8H2O, YCl3 and FeCl3·6H2O
was added to aqueous ammonia (pH 14) with vigorous stirring.

•

Sequential Precipitation (SPX), where X denotes the molar percentage of Fe 2O3 present

(determined by XRF) in the powder. X varied from 22 to 43.
For the sequential precipitation two variations were used: either a solution of ZrOCl2·8H2O
and YCl3 was precipitated in a hematite suspension or a solution of FeCl3·6H2O was
precipitated in a zirconia suspension. The first method is called the SPZH-method,
Sequential Precipitation, first Zirconia, then Hematite, the second the SPHZ-method,
Sequential Precipitation, first Hematite, then Zirconia. 19
All (partly) amorphous gels were washed with water to remove any water-soluble
species and subsequently with ethanol to remove water. After drying at 100°C the gels were
mortared and calcined in air for 2 hours at the minimum temperature necessary to obtain
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fully crystalline material (heating rate 2°C/min). This temperature varied for the different
powders from 500 to 700°C.
In two cases (CP40 and SPZH27) the (partly) amorphous gel resulting from the
precipitation was crystallised by a hydrothermal treatment, in which the aqueous gel was
heated for 2 hours at 200°C in an autoclave, with 1MPa starting and 2 MPa final pressure.
Single-phase 3Y-TZP and Fe2O3 powders were made for comparison with the
composite powders. These single-phase powders were made by adding solutions of either
ZrOCl2·8H2O and YCl3 (to form the zirconia phase) or FeCl3·6H2O (to form the hematite
phase) to aqueous ammonia (pH 14) with vigorous stirring, subsequent washing of the
precipitate with ethanol, drying at 100°C and calcination at 500°C.

5.3.2 Powder compaction methods
Three dry methods and one wet method were used for compaction of the powders. The first
(dry method) was uniaxial pressing (UP), where the powder was pressed uniaxially in a
cylindrical steel mould at 1000MPa with diameter 10mm (Fontijne, Vlaardingen, The
Netherlands). The resulting compacts had a height of 1-2mm.
The second method was isostatic pressing (IP). The powders first were pre-pressed
isostatically in a rubber mould at 200 MPa using a press from Tradinco (Berkel and
Rodenrijs, The Netherlands). The samples resulting from the pre-pressing were
subsequently isostatically pressed at 400 MPa. The isostatic pressing resulted in cylindrical
samples with dimensions of ±8 mm length and ±6 mm Ø.
The third compaction method was magnetic pulse compaction (MPC). Dynamic
compaction, and more specifically MPC, uses a high-energy pressure pulse.20 The pressure
wave that propagates through the material causes large stress gradients and also adds an
impulse factor to the particles, resulting in an increased local pressure. That local pressure
is much higher than the overall pressure. The MPC set-up consisted of a capacitor with a
special switch that was able to release the stored energy in a short period of time. The
current went through a wounded coil generating a magnetic field. The powder was placed
in a metallic container that had a high electronic conductivity. The metal container was
placed in the coil. Due to the fast change in the magnetic field strength, eddy currents were
introduced in the metal tube. The eddy currents generated a Lorenz force that acted in the
direction opposite to that of its origin (Lenz’s law). This force consequently compacted the
tube and its contents. The set-up generated a radial compaction field with a maximum
overall pressure of 5GPa. The pulse duration was 50 to 70 microseconds. The resulting
compacts had a diameter of 15mm and a height of 2-3mm. The method has been described
more elaborately elsewhere.21
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The fourth, wet, method was a colloidal processing technique, namely colloidal filtration
(CF). Calcined CP34-powder (4.0 g) was suspended in 9.3 ml doubly-distilled water. Citric
acid (0.040 g, 1 wt% of the dry oxide powder) was added to the suspension. To decrease
the amount of agglomeration the suspension was ball-milled with 2 mm 3Y-TZP balls for 4
to 8 hours. The suspension was filtrated by adding the suspension to a mould with a
diameter of 25 mm that contained a filter with pores of 0.025 µm filter. The cake resulting
after the filtration was slowly dried in air at room-temperature. This took several days.

5.3.3 Sintering
Two sintering methods were used to further densify the compacted powders. The simplest
sintering method used was pressureless sintering (PS). The green compacts were sintered at
temperatures varying from 800 to 1250°C for 2 hours (heating at 2°C/min, cooling at
4°C/min) in air using a dilatometer (Netzsch 410, Selb, Germany) or a furnace. An alumina
bar attached to a load-spring measured the change in length during heating in the
dilatometer. The change in relative density could be calculated from this change of length.
The second sintering method was sinterforging (SF). Green compacts made by
isostatical pressing at 400MPa were pre-sintered for 2 hours at 850-925°C. The resulting
compacts were placed between SiC pistons and sinterforged using the following
temperature/pressure program:
•

Heating at 10°C/min to the used pre-sinter temperature (850-925°C)

•

Heating at 2°C/min up to 50°C below the set temperature for SF

•

Heating further at 2°C/min up to the set temperature while increasing the pressure from
0 to the final pressure (950-1000°C, 100-300MPa)

•

Keeping the temperature and pressure constant for 25 minutes

•

Relieving the pressure and cooling down to room-temperature

5.3.4 Characterisation
The composition of the powders and compacts was determined with quantitative X-RayFluorescence spectrometry (XRF) using a Philips PW 1480/10-fluorometer (Eindhoven,
The Netherlands). All measurements were done in duplicate. The powders were pressed
into a tablet. The XRF-measurement method has been described previously. 22
The phase composition of the compacts was investigated with a Philips X'Pert-1
PW3710 XRD (X-Ray Diffraction) diffractometer (Eindhoven, The Netherlands), using Cu
K• radiation. The divergence slit was set to either 1° using a Ni-filter in the secondary
(diffracted) beam or to an irradiated length of 10mm when using a secondary curved
graphite monochromator optimized for Cu-radiation. The receiving slit was set to 0.1mm in
all cases. The tetragonal/monoclinic zirconia ratio was determined using the calibration
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curve of Toraya et al.23 Each compact was prepared for measurement in several different
ways. Either the outer surface of the sintered compact was measured, or the interior, after
either just sawing or also polishing the to be measured surface. The different preparation
methods did not lead to large differences in the XRD-results. The lowest monoclinic
zirconia content measured for a certain compact was taken as the maximal monoclinic
zirconia content for this compact.
The density of the compacts was determined using the Archimedes technique.
Mercury was used for non-dense (<90%) and water for dense (>90%) compacts.
The homogeneity of the Zr-Fe elemental distribution of the sintered compacts was
quantified by a series of EDX measurements. The standard deviation found in the Fecontent was taken as a measure for the homogeneity of the compact. The compacts were
coated with a 5nm-carbon layer to ensure electron conduction. A Hitachi S800 (Tokyo,
Japan), equipped with a Kevex Delta Energy V dispersive X-ray analysis system was used
for the EDX measurements of the compacts. The angle of incidence was 56° and the
voltage was 15 kV. For each sample a series of at least 15 EDX-measurements was
performed. Each measured (micro)locality had diameter and information depth of 1 µm.
The measured spots were chosen randomly across the sample surface. The homogeneity Ho
was quantified with the following formula:19

Ho = t n (99 ) *( s / Feav )

(5.1)

tn(99) = student factor, s = standard deviation in Feav, Feav = average Fe mol% determined
by the series of at least 15 EDX-measurements
The standard deviation was corrected with respect to the measurement method. The
relative standard deviation in a series of measurements on single-phased solid solutions of
ferric oxide in yttria-doped-zirconia (CP27 and CP34) were taken as the standard deviation
of the measurement method.19 The two single-phased pressed powders gave the same
relative standard deviation. It was assumed that these two pressed powders were totally
homogeneous on the measurement scale of 1 µm2. The standard deviation in the Fe-content
was calculated using the following formula:19

s=

sl 2 − sb 2

(5.2)

sl = standard deviation in Fe-content in series measured on localities of 1×1 micrometer,
sb = standard deviation in Fe-content in series measured on localities of 1×1 micrometer of
single-phased pressed ferric oxide-doped YSZ19
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The lower the Ho value, the more homogeneous the distribution of the elements Fe and Zr.
The average Fe-content that resulted from the series of EDX-measurements did not deviate
from the average Fe-content as determined by XRF with more than a few percent. This
indicates that all series of EDX-measurements were representative for the measured
samples
The compacts were investigated with Scanning Electron Microscopy (SEM). Either a
Philips XL30 ESEM-FEG (Environmental Scanning Electron Microscope with Field
Emission Gun) (Eindhoven, The Netherlands) or a Hitachi S4700 (Tokyo, Japan) was used
to make BSE (BackScatter Electron) and SE (Secondary Electron)-micrographs at different
magnifications. The Hitachi SEM was used for the sinterforged samples. The Philips SEM
was used for the samples sintered at 1150°C. The micrographs were used to determine the
average grain size of the grains of both the zirconia and hematite phase. BSE graphs were
made with SEM of polished, unetched samples. The viewed samples where then thermally
etched by heating at 30-50°C below the sintering temperature for 15-30 minutes. The same
spots of the samples that were viewed with BSE-SEM before etching now were viewed
with SE-SEM. The SE-graphs showed the grain boundaries between all grains, but could
not be used to determine the composition of the different grains. The BSE-graphs, on the
other hand, showed the different phases but not the grain boundaries, and hence combining
the two could be used to reveal the grains in both the zirconia and hematite phase. The
average grain sizes of the two phases were calculated using the linear intercept method.24
The micrographs were also used to determine the homogeneity of the distribution of the
zirconia and hematite grains. In some cases thermally etched samples were used both for
making the BSE- and SE-graphs.

5.4 Results
5.4.1 Elemental and phase composition of the calcined
powders
The elemental and phase composition of the calcined powders are shown in table 1. The
calcination temperatures of the powders are also given in table 1 (for an explanation of the
names of the powders: see experimental, powder synthesis). The zirconia phase in all CP
powders was cubic, while the zirconia of all SP powders had a tetragonal structure.19 The
cubic structure of the CP-powders was caused by the dissolution of ferric ions in the
zirconia lattice. For the CP27 and CP34 powders all ferric ions were dissolved in the
zirconia lattice, while for the CP40 and CP42 powders only a part of the ferric ions was
dissolved in the zirconia lattice.19
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5.4.2 Comparison of different room-temperature powder
compaction techniques
Table 1 Elemental composition (determined by quantitative XRF), phase composition
(determined by XRD) and the used calcination temperature of the powders used
for densification. H = hematite, c-Z = cubic zirconia, t-Z = tetragonal zirconia
Powder

CP42
CP40
CP34
CP27
SPZH42
SPZH34
SPZH27
SPHZ43
SPHZ34

Calcination
Temperature

ZrO2

YO1.5

HfO2

FeO1.5

Phases present

°C
600
600
700
700
600
500
500
600
525

mol%
54.5
56.6
62.4
68.5
55.1
63.1
69.1
53.6
63.3

mol%
2.96
2.94
3.27
3.79
2.99
2.52
3.79
2.68
2.58

mol%
0.59
0.63
0.70
0.78
0.01
0.68
0.02
0.01
0.01

mol%
42.0
39.8
33.6
26.9
41.9
33.7
27.0
43.8
34.1

H, c-Z
H, c-Z
c-Z
c-Z
H, t-Z
H, t-Z
H, t-Z
H, t-Z
H, t-Z

Colloidal filtration (CF) was compared with isostatic pressing (IP) at 200MPa as precompaction technique (see table 2). The pre-compacted calcined CP34 powders were
isostatically pressed at 400MPa and subsequently sintered pressureless in air at 1150°C.
Table 2 Effect of different pre-compaction techniques on green and sintered densities. IP = isostatic
pressing, CF = colloidal filtration
Pre-shaping
Technique

Cracks

Density (%)

Density
(%)

IP200
CF

No
yes

39.9
34.6

47.6
47.2

green

compact Density sintered compact (%)
95.7
93.8

The CF-technique is a rather delicate technique, since the filter cake usually cracked during
drying, which did not occur if isostatic pre-compaction was used. The CF-compact had
lower density (35%) compared to the compact that was pressed isostatically at 200MPa
(40%). After isostatic pressing both compacts at 400MPa, the green densities were almost
identical (46-47%). The microstructure of the colloidally filtrated CF-compact did not
provide a better start for obtaining a high density by pressureless sintering in air at 1150°C
when compared to the IP-compact. After sintering at 1150°C the CF-compact had a density
of 94% compared to 96% for the isostatically pre-pressed CP34-compact.
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The calcined CP42 powder was compacted
by isostatical pressing (IP) at 400 MPa,
uniaxial pressing (UP) at 1000 MPa and
magnetic pulse compaction (MPC). The
resulting
compacts
were
sintered
pressureless in air for 2 hours at toptemperatures of 900, 1000, 1100 and
1150°C. The densities of the sintered
compacts are shown in Fig. 1. The higher
pressures (1GPa and 5GPa respectively) that
could be obtained with uniaxial pressing Fig. 1 Sintering pressureless in air for 2 hours
(heating rate: 2°C/min) of compacts of
and magnetic pulse compaction resulted in
CP42 made by using three different roomtemperature powder compaction
higher green densities of 60% and 58%
techniques. IPX = isostatical pressing,
respectively compared to isostatic pressing
UPX = uniaxial pressing, MPCX =
at 400MPa which gave 49%. The higher
magnetic pulse compaction, X = used
pressure in MPa
density obtained after uniaxially pressing
UP at 1000MPa was general for all zirconiahematite powders. The higher density of the MPC- and UP-compacts remained during
sintering, but at the highest sintering temperatures (1100-1150°C) the difference was only
3%. The MPC-compact had a density of 93.7% at a relatively low sinter temperature of
1000°C.

5.4.3 Sintering of green compacts
When
isostatically
pressing
the
hydrothermally treated powders at 400MPa
a higher density was obtained compared to
the air-calcined powders. The green
densities were 5-10% higher for the
comparable HT-powders. This higher green
density only in one of the two cases lead to
higher density after pressureless sintering at
1150°C (see table 3). If uniaxial pressing at
1000MPa was used, both the HT- and
calcined powders were densified to Fig. 2 Sintering pressureless in air for 2 hours
(heating rate: 2°C/min) of compacts of
approximately 60%.
CP42, 3Y-TZP and • -Fe2O3 made by
isostatic pressing at 400MPa
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The sintering behaviour of green compacts (made by isostatic pressing at 400MPa) of
CP42, 3Y-TZP and Fe2O3 was compared by pressureless sintering (heating rate: 2°C/min,
hold time: 2 h) the compacts at increasing temperatures (see Fig. 2). At every used sintering
temperature the density of the pure hematite compact was the highest. A 98% dense • Fe2O3-compact was made by pressureless sintering at 1000°C. The 3Y-TZP and CP42compacts had densities <70% when pressureless sintering at this temperature. The fast
densification of the hematite compacts was also observed when comparing the densification
rates of green compacts that were heated up with 2°C/min in a dilatometer (see Fig. 3). The
hematite compact started to densify at 600°C, while the composite- and 3Y-TZP-compacts
started to densify at 700-800°C.
Table 3 Relative densities of green compacts made by isostatical pressing (IP) at 400MPa, and
densities of the IP-compacts after sinterforging (SF) or pressureless sintering (PS). CALC =
calcined powder was used, HT = hydrothermally crystallised powder was used

Compact
Fe2O3
CP42
CP40
CP34
CP27
SPZH42
SPZH34
SPZH27
SPHZ43
SPHZ34
3Y-TZP

Green compact IP400

SF950-P300

SF1000-P100

CALC
55.9
49.7
44.3
45.9
41.3
45.5
51.8
46.6
46.6
47.2
49.2

CALC

CALC

HT

96.6
54.6

96.4
51.6
90.4

100.0
96.2
97.3
95.6
97.4
98.4

PS1150
CALC
98.5
92.1
81.9
95.7
92.8
94.5
94.5
97.5
89.1
94.9
97.8

HT

96.2

95.8

As can be seen in Fig. 3, all zirconia-hematite composites started to densify at lower
temperatures compared to the 3Y-TZP compact. At T• 900°C the densification rate of the
3Y-TZP compact, however, surpassed the densification rate of the composites, leading to
higher relative densities for 3Y-TZP compacts compared to the composites when sintering
at T• 1000°C (see Fig. 2 and table 3).
Green compacts of all powders were pressureless sintered in air at 1150°C for 2 hours
(heating rate: 2°C/min). The SPZH-compacts in general obtained the highest densities (95100%) of all zirconia-hematite composites (see table 3). All SP-composites showed a
maximum in the densification rate between 900 and 930°C, and a steady increase again
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above 1000-1050°C, without reaching this
second maximal densification rate before
the end of the measurement at T<1120°C
(see Fig. 3).
The CP-compacts showed increasing
deviation from the densification behaviour
of the SP-compacts with decreasing iron
oxide content (see Fig. 4). For the CPcompacts a maximum in the densification
rate was obtained at T<900°C. Both the
temperature at which this maximum
occurred and the relative size of this
Fig. 3 Comparison of densification rates when
maximum increased with decreasing iron
heating up with 2°C/min of compacts
oxide content.
made by isostatic pressing at 400MPa,
measured in a dilatometer
In almost all cases sinterforging a
green compact at 1000°C and 100MPa led
to higher density compared to pressureless
sintering in air (see table 3). All compacts
that were sinterforged at 1000°C had a
density of >95%. There was no apparent
difference between the densities obtained
for compacts made of powders produced by
the SP- or CP method. The average density
of the composites sinterforged at 1000°C
with 100MPa pressure was 97.4%, while the
average density of the same green compacts
after pressureless sintering at 1150°C was Fig. 4 Comparison of densification rates when
heating up with 2°C/min of CP-compacts
only 94.9%. Both the CP27 and CP34
made by isostatic pressing at 400MPa,
measured in a dilatometer
compact however showed large cracks after
sinterforging at 1000°C.
Two compacts were sinterforged at 950°C with 300MPa pressure. The resulting
compacts were brittle and broke easily. The densities nevertheless were high (see table 3),
especially for the SPZH42 compact (96.4%, compared to 97.3% after sinterforging at
1000°C and 100MPa).
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5.4.4 Phase composition of the sintered compacts
The phase composition of the sintered compacts in general deviated from the phase
composition of the starting powders. In all cases the sintered compacts contained zirconia
and hematite. The zirconia in the sintered compacts was always a mixture of tetragonal and
monoclinic zirconia, as can be seen in table 4. Some of the compacts that were pre-sintered
at 900°C before sinterforging at 1000°C were investigated with XRD as well. These
compacts, which all had densities <60%, did not contain any monoclinic zirconia.
There are some general trends to be observed in the monoclinic zirconia content of the
Table 4 Percentage of tetragonal zirconia phase of the total amount of
zirconia present

Compact
CP42
CP40
CP34
CP27
SPZH42
SPZH34
SPZH27
SPHZ43
SPHZ34
3Y-TZP

SF950-P300

SF1000-P100

CALC

CALC
100

49

89
26
25

PS1150
CALC
55
34
47
63
90
55
71
71
79
97

HT
46

92

compacts. The zirconia of the CP-compacts that were sinterforged at 1000°C was mainly
tetragonal (94% t-zirconia, on average), while the zirconia of the CP-compacts that were
sintered pressureless at 1150°C was mainly monoclinic (49% t-zirconia, on average). The
SP compacts showed opposite behaviour. In both cases the (at 1150°C) sintered compacts
made of hydrothermally prepared powders had a higher tetragonal zirconia content
compared to the corresponding compact prepared from calcined powder.

5.4.5 Microstructure and homogeneity of the sintered compacts
The homogeneity H0 of the Zr/Fe distribution of the sintered compacts measured by
SEM/EDX gave an indication of the zirconia-hematite phase distribution. The higher the
value of H0, the less homogeneous this distribution. The Zr-Fe homogeneity of the starting
powders, that has been described previously,19 is compared with H0 of the sintered
compacts in table 5.
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Table 5 Homogeneity Ho of the Zr-Fe distribution of zirconia-iron oxide powders and sintered
compacts measured with SEM/EDX at 20 random locations of 1 micrometer diameter. CALC
= calcined powder was used, HT = hydrothermally crystallised powder was used, UP =
uniaxial pressing

Compact
CP42
CP40
CP34
CP27
SPZH42
SPZH34
SPZH27
SPHZ43
SPHZ34

Powders, compacted UP1000

SF950-P300

SF1000-P100

CALC
0.28
0.16
0
0
0.13
0.16
0.12
0.78
0.83

CALC

CALC
0.63

HT
0.40

0.19
0.28

0.27
0.59
0.26
0.36
0.23
0.96

PS1150
CALC
1.17
1.65
1.31
1.36
0.57
0.75
0.64
1.38
1.07

HT

1.02

H0 increased with increasing sintering
temperature for all compacts, but more
rapidly for the CP-compacts compared to the
SP-compacts. The CP27 and CP34 powders
were the most homogeneous powders, but
after sinterforging at 1000°C and especially
after pressureless sintering at 1150°C the
SPZH compacts were the most homogeneous
compacts, as can also be seen in Fig. 5. Even
the SPHZ-compacts had a lower value for H0
(1.22) after pressureless sintering at 1150°C
Fig. 5 Comparison of average H0-values for CP,
compared to the CP-compacts (1.37),
SPHZ and SPZH-method of calcined
powders (500-700°C), sinterforged
although the average H0 value for the SPHZcompacts (1000°C) and pressureless

powders (0.81) was much higher than for the
sintered compacts (1150°C)
CP-powders (0.11). The differences in
homogeneity between the four CP-powders levelled off with increasing sintering
temperature. The sintering of the CP-compacts clearly has led to large-scale-phase
separation, which occurred to a lesser extent also for the SP-compacts.
The average grain sizes of the zirconia and hematite grains after sintering are given in
table 6. Both the zirconia and hematite grains of the CP-compacts pressureless sintered at
1150°C in general are larger compared to SP-compacts, densified at identical conditions.
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Fig. 6 BSE and SE-graphs of identical spot of CP42-PS1150

In particular the zirconia-grains of the SP-compacts sintered at 1150°C are a factor 2
smaller than those of the CP-compacts, as can also be seen by comparing Fig. 6 and 7. EDX
showed the dark areas on the BSE-photos to be hematite, the light area was zirconia. The
hematite grains on the SE-photos often showed flat crystal planes and straight edges. The
SPHZ34-compact had both the smallest zirconia and hematite grains of all compacts
sintered at 1150°C. The average sizes of the zirconia grains of the sintered SP-compacts
were smaller or equal to the size of the zirconia grains of a comparable 3Y-TZP compact,
while for the CP-compacts the average sizes of the zirconia grains in all cases were larger
than for the 3Y-TZP compact. The at 1150°C sintered pure hematite compact showed much
larger hematite grains compared to all zirconia-hematite composites.
Table 6 Average grain sizes of the hematite and zirconia grains of sintered
composites in nanometers

Compact
Fe2O3
CP42
CP34
CP27
SPZH42
SPZH34
SPZH27
SPHZ43
SPHZ34
3Y-TZP

SF1000-P100

PS1150

Zirconia

Hematite

Zirconia

Hematite

CALC

CALC

CALC

85

137

71

102

202
215
169
98

80

84

CALC
2286
294
358
237
218
305
183
236
171

110
122
75
122
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Fig. 7 BSE and SE-graphs of identical spot of SPZH42-PS1150. Black areas on BSE-graph are Fe2O3

The sinterforged compacts all had remarkably smaller grains than the pressureless sintered
zcompacts, which could be expected due to the lower sintering temperature of 1000°C. The
relative decrease in grain size when going from sintering to sinterforging was larger for the
CP-compacts, but the SPZH-compacts still had the smallest grains after sinterforging at
1000°C. Figure 8 shows SEM-graphs of CP42-SF1000. The largest hematite grains show a
strange core-shell structure.

Fig. 8 BSE and SE-graphs of identical spot of CP42-SF1000

Figure 9 and 10 show SEM-graphs of SPZH42-SF1000. When comparing Fig. 6 to 10, it
seems that the hematite grains of the SPZH42-compacts are distributed more evenly
compared to the CP42-compacts.
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Fig. 9 BSE and SE-graphs of identical spot of SPZH42-SF1000

Fig. 10 BSE-graph of SPZH42- SF1000. Black areas on BSE-graph are Fe2O3

Figure 11 shows a BSE- and SE-graph of SPZH42-SF950-P300. Due to the small grain
sizes it was difficult to obtain BSE-graphs that showed the phase difference well. Hence it
was difficult to determine the average grains sizes of the two phases separately. The
average grain size of the whole compact was 59 nm. The average hematite grain size was
estimated at 96 nm and that of the average zirconia grain size at 41 nm.
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Fig. 11 BSE and SE-graphs of different spots of SPZH42-SF950. Black areas on BSE-graph are Fe2O3

5.5 Discussion
5.5.1 Compaction technique
The use of dry compaction processes is preferred above the use of wet-colloidal techniques
for the here described powders: using colloidal filtration did not result in any advantages.
The calcined powders that have been produced could not be deagglomerated sufficiently in
order to achieve a density of >40% with the use of colloidal filtration processes alone.
Isostatic pressing of the colloidally filtrated compact resulted in the same density as direct
isostatic pressing, which shows that colloidal filtration could be used as pre-shaping
technique. For the agglomerated calcined powders the use of pressure to break up the
relatively strong agglomerates is preferable. Magnetic pulse compaction in this case was
shown to be most promising.

5.5.2 Sintering techniques
Pressureless sintering did not lead to a nano-nano composite, and seems to offer little
chance of obtaining this goal for the described materials. Sinterforging, however, was much
more successful in reducing the grain growth during sintering to high (>95%) density. The
macropores in the green compacts were probably densified sufficiently by the 100 MPa
applied pressure before sinter-densification of the nano-pores, as was reported previously. 66
The lower the sinterforging temperature, the higher the pressure that was necessary to
obtain a density of >95%. The sinterforging at such higher pressures has to be optimised
yet, to prevent cracking of the samples.
Pressureless sintering at 1150°C for some powders led to compacts with densities
<90% (the calcined SPHZ43 and CP40 powders). SEM-investigation showed that some of
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the large pores (1-50 • m) had remained in these compacts that were sintered pressureless
These pores of 1-50 • m size in the sintered compact must have been the results of
inadequate washing or incorrect drying of the precipitated gel.
The green compacts of the CP-powders showed a maximum in the sintering rate at a
temperature<900°C, which was strongest for the CP27 and CP34 compacts. For all CPpowders it was shown that ferric ions were dissolved in the zirconia lattice, which were
expulsed from the lattice at 800-900°C to form a separate hematite phase.19 It was also
shown that the zirconia lattices of the CP27 and CP34 powders contained the largest
amount of dissolved ferric ions.19 The formation of a hematite phase in the CP27 and CP34
compacts during sintering led to a large volume increase, which explains the maximum in
the densification rate at a temperature<900°C.

5.5.3 Phase composition
It has been reported previously that the presence of ferric ions in the tetragonal lattice of
yttria-doped zirconia caused transition to the monoclinic structure.26 Furthermore, it was
mentioned that the concentration of ferric ions in the different grains of a sintered zirconiayttria compact doped with 3mol% FeO1.5 correlated with the yttria concentration. The
grains with a higher-than-average yttria concentration also had a higher-than-average ferric
ion concentration.26 This correlation can be explained by the reported observation that
ferric ions in the cubic or tetragonal zirconia lattice have the tendency to compete for the
oxygen vacancies with the Zr4+-ions.27 The ferric ions prefer six-fold oxygen co-ordination,
while Y3+-ions have a preference to have eight-fold oxygen co-ordination.
When Y3+-ions and Fe3+-ions are present in the zirconia lattice they both introduce
oxygen vacancies. These oxygen vacancies are left to neighbouring cations by the Y3+ions.27 In the case of the presence of both Fe3+- and Y3+-ions in the zirconia lattice it is well
possible that these two different cations will form pairs in which the vacancy introduced by
an Y3+-ion is donated to a Fe3+-ion. By this donation both cations can obtain their preferred
oxygen co-ordination number. The oxygen vacancies in 3Y-TZP would almost exclusively
be connected with Zr4+-ions. In ferric oxide doped 3Y-TZP they will be connected for a
large part with the ferric ions. In order to stabilise the tetragonal or cubic structure of
zirconia; the Zr4+-ions need to be connected with oxygen vacancies. Hence, the presence of
equal amounts of Y3+- and Fe3+-ions in the zirconia is likely to cause a destabilisation of the
cubic/tetragonal structure.
A correlation was also found between the amount of ferric and scandia ions than can
be dissolved in the zirconia lattice, suggesting the same coupling stabilisation between
ferric and scandia ions in the zirconia lattice28 as between yttria and ferric ions.
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5.5.4 Microstructure and homogeneity of the sintered compacts
In the case of the SP-compacts, the hematite phase had an inhibiting effect on the grain
growth of the zirconia phase like in the sintering behaviour reported for nano-nano
zirconia-alumina composites.5,15 An impurity drag mechanism due to enrichment of the
grain boundaries with ferric ions could also impede the zirconia grain growth of the SPcompacts.29 The presence of the hematite phase did not have an inhibiting effect on the
zirconia grains of the CP-compacts. On the contrary, the zirconia grains of the CPcompacts grew more in size during sintering at 1150°C compared to a single-phase
compact.
It is not likely that differences in the agglomerate structures of the CP- and SPpowders were responsible for the different sintering behaviour, since the powders were
identically washed and dried. This is also apparent from the fact that there were only very
small differences in room-temperature compression behaviour.
The differences in sintering behaviour were most likely connected with the excess of
ferric ions that diffused out of the zirconia lattice, thereby promoting also the mobility of
the Zr4+-ions. The increased mobility of the Zr4+-ions accelerated the grain growth of the
zirconia grains of the CP-compacts.

5.6 Conclusions
Compacts made of co-precipitated zirconia-hematite powders showed accelerated grain
growth during sintering and dehomogenisation of both the zirconia and the hematite grains
compared to compacts made by sequentially precipitated zirconia-hematite powders. Due to
the expulsion of dissolved ferric ions in co-precipitated system the mobility of the whole
system was increased, causing increased segregation and grain growth of the coprecipitated compacts. Pressureless sintering at 1150°C from sequentially precipitated
zirconia-hematite powders showed inhibition of the zirconia grain growth due to the
presence of the hematite grains. Sinterforging at 1000°C with 100MPa added pressure led
to the most dense zirconia-hematite dual-phase compacts (95-100%). These compacts were
denser than compacts that were sintered pressureless at 1150°C (92-98%) and had grain
sizes that were a factor 2 smaller. Dense (97%) zirconia-hematite nano-nano composites
could be made with both the hematite and zirconia average grain size between 80 and
90nm. The presence of hematite during sintering of 3Y-TZP-• -Fe2O3 composites led to
substantial amounts of monoclinic zirconia, probably due to a coupling of the dissolved
Y3+- and Fe3+-ions in the zirconia lattice. Magnetic pulse compaction offers good
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opportunities as powder compaction method to obtain high density at low temperatures
with pressureless sintering of nanocompacts.
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6 Densification and electrical properties of
zirconia-ruthenia composites
6.1 Abstract
The densification of the dual-phase nanostructured tetragonal yttria-doped zirconiaruthenia powder system is described. Different compaction techniques and sintering
procedures were compared to obtain dense compacts. The influence of the ruthenia content,
compaction technique and preparation route on the densification and resulting
microstructure were investigated with scanning electron microscopy and X-Ray Diffraction.
The electrical conductivity of the densified ceramic was measured by the four-point method.
The conductivity was correlated with the microstructure and ruthenia-content of the
compacts.
By using sinterforging at 1150°C and 100 MPa, dense (>95%) tetragonal Y2O3 doped
ZrO2 and RuO2 composites were obtained. The microstructure of these materials, however,
showed macroscopic phase separation in which the agglomerate structure of the starting
powder was still recognisable. The ruthenia at the periphery of the agglomerates had been
re-deposited inside the pores between the remainders of the agglomerates, leaving a
periphery of pure zirconia. In the bulk of the original agglomerates a homogenous
distribution of small (below 200 nm) ruthenia and zirconia grains was present. The
inhomogeneous microstructure led to high electronic conductivity in the material, because
the ruthenia at the pores provided a percolative path for the electrons. Even at 15 mol% of
ruthenia loading the electrical conductivity was 2.3*10-4 • cm. The use of explosive
compaction led to brittle materials with high density but large cracks, which complicated
further densification. The high initial density prevented large-scale dehomogenisation
during pressureless sintering of the explosively compacted samples.

6.2 Introduction
Ruthenia (RuO2) is one of the few single transition-metal oxides that exhibits metallic
conduction.1 Single crystals of anhydrous RuO2 exhibit conductivity of the order of 104
Scm-1 at 300K.2 Due to this electron conduction ruthenia has many interesting applications.
It is a very active electrocatalyst in anodic reactions such as Cl2 or O2 formation and
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cathodic reduction of O2.3-18 A second oxidic phase is often added to ruthenia to reduce the
cost of the electrodes. Provided there is a percolation path for ruthenia, addition of this
second phase does not lead to a large decrease in electron conductivity. Up to 85 mol% of
insulating TiO2 has been added without losing the electron conduction properties.8,19
Electrodes of pure ruthenia or ruthenia composites are usually applied as layered
materials. Both wet-chemical and vapour phase techniques have been used to deposit the
electrode layer. Examples of wet-chemical techniques that have been used are painting10 the
substrate with a solution containing dissolved RuCl3, spin coating,11 dipping12-14 or
cathodic electrosynthesis.15 Vapour phase techniques that have been used are metal-organic
chemical vapour deposition (MOCVD)16,17 reactive microwave sputtering,16 pulsed laser
deposition18 and oxygen-plasma assisted molecular beam epitaxy.19
The microstructure of the electrode should provide electron-conducting paths.10 Such a
microstructure is determined by the synthesis method used and the thermal treatment given
to the electrode. For a mixed ruthenia-titania electrode, the optimum firing temperature to
obtain a high electrical conductivity was reported to be between 450 and 500°C.10 It was
also reported that when the grain size of a deposited ruthenia film is below 50 nm, the
electrical conductivity is dominated by electron scattering at the grain boundaries.16 The
electrical resistivity of a ruthenia layer consisting of grains with sizes of 70-100 nm was
100-600 • • ·cm, which is 2.5–15× times higher than the electrical resistivity of a ruthenia
single crystal.17 For another set of ruthenia-coatings the electrical resistivity increased from
180 • • ·cm with grain size 250 nm to 310 • • ·cm with grain size 30nm.18 The grain
boundaries normally form a resistivity to electron conduction. This rule does not always
apply though, the electrical conductivity of a nanocrystalline ruthenia layer can also be
close to the bulk resistivity. A resistivity of 49 • • ·cm was found for a textured RuO2 (110)
epitaxial film with grain size of 150 nm.19 It could be that in this case the grain boundaries
did not cause a decrease in the electron conduction due to the identical orientation of the
grains, facilitating conduction from one grain to the other. Orientation correlation between
neighbouring crystals is more likely to occur for nanocrystals than for large-sized crystals.
The influence of the amount of cracking on the electrical resistivity of ruthenia
coatings was studied.20The electrical resistivity was shown to be more governed by the
morphology of the layer than by the composition.20 This influence of the morphology on
the properties of ruthenia or ruthenia composite electrodes has often been neglected and can
be studied more accurately using bulk materials instead of layered materials, since the
substrate also influences the morphology.
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Few dense bulk ruthenia composites have been reported. The major class of ruthenia
composites is ruthenia-glass composites. 21 Normally these materials are used as thick filmresistors,22 but they have also been prepared as bulk material.21 The ruthenia clusters of
these composites are encapsulated in the glass matrix. The electrical conductivity depends
on the volume fraction of ruthenia and the spatial distribution of the ruthenia. The
percolation limit reported for these materials was not a sharp limit but rather a broad
transition that ranged from 0.05 to 0.2 volume fraction of ruthenia.21,22
The system Ti1-xRuxO2 (0<x<1 mole) has also been densified, although not to high
density (<90%) by sintering up to 1300°C. With an increase in x-values a wide transition of
semiconductor to metallic behaviour was observed. The percolation limit for this system
was around x=0.26.23
A serious drawback in the processing of RuO2 materials is the volatilisation above
700ºC as RuO3 and/or RuO4 (in oxygen-containing atmospheres) or reduction to Ru metal
(in reducing atmospheres).13 The advantage in adding a second oxidic phase is not only cost
reduction, but also stabilisation of the ruthenia against oxidation or reduction processes.





RuO2 + O2 → RuO4 ( pO2 ) or 2 RuO2 + O2 → 2 RuO3 ( pO2 )



RuO2 → Ru + O2 ( pO2 )
Y2O3 doped ZrO2, which is an oxygen ion-conducting material,25 was chosen as the
stabilising oxide phase. Yttrium doped zirconia-ruthenia composites have very interesting
properties, such as mixed oxygen-ionic electronic conduction26 and high capacitance.
Zirconia has been added to ruthenia previously to increase the stability of ruthenia used as
dimensionally stable electrode.21,22 RuO2-YSZ (8 % Y2O3 stabilised zirconia) has also been
evaluated as electrode in a solid oxide fuel cell cathode.23
The zirconia-ruthenia composites that were reported previously were porous gels26,25-27
or porous layered electrodes.21,22,29 No dense (>95%) zirconia-ruthenia composites have
been reported to date. The influence of the morphology and phase distribution of zirconiaruthenia on the electrochemical properties of the material has been stressed before. 35
The aim of this study was to prepare dense zirconia-ruthenia dual-phase composites
and study the influence of the preparation route and composition on morphology and
electrical properties. Nanopowders with composition [(ZrO2)0.97(Y2O3)0.03]1-x(RuO2)x
(0≤x≤0.46 mole) were densified, which is difficult due to the strong intercrystalline van der
Waals forces that inhibit deformation and breaking of the agglomerates. The influence of
the resulting morphology on the electrical conductivity is discussed.
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6.3 Experimental
6.3.1 Powder synthesis
Powder synthesis has been described before.36 Two different synthesis routes have been
used. Three powders with different composition were prepared through co-precipitation
(CPX), in which a solution of ZrOCl 2·8H2O, YCl 3 and RuCl3·3.4H2O was added to aqueous
ammonia (pH 14) with vigorous stirring, and one powder through a sequential precipitation
(SPX) method, where X denotes the molar percentage of RuO2 present (determined by
XRF) in the powder. With the sequential precipitation an aqueous solution of ZrOCl 2·8H2O
and YCl3 was added to aqueous ammonia with vigorous stirring. The resulting gel was
subjected to heating in a closed vessel at 200°C for 2 hours under 10 bar pressure to
crystallise the zirconia.37 The resulting suspension of agglomerates of zirconia
nanocrystallites was then dispersed in aqueous ammonia (pH=14) while vigorously stirring.
A solution of RuCl 3·3.4H2O was slowly added to this suspension, using the same set-up and
method as for the co-precipitation. Pure one-phase Y2O3-doped-ZrO2 powder was also
prepared through precipitation in aqueous ammonia solution for the purpose of comparison
with the dual-phase powders; the yttria doped zirconia powder is abbreviated 3Y-TZP (~3
mol % Y2O3). The gels were washed with water to remove any water-soluble species and
subsequently with ethanol to remove water. After drying at 100°C the gels were mortared
and calcined in air at 600°C for 2 hours (heating rate 2°C/min).

6.3.2 Compaction methods
Four methods were used for compaction of the powders. The first was uniaxial pressing
(UP), where the powder was pressed uniaxially in a cylindrical steel mould with diameter
10 mm (Fontijne, Vlaardingen, The Netherlands). The resulting compacts had a height of 12 mm.
The second method was isostatic pressing (IP), where the powders first were prepressed in two ways. Either the powders were pre-pressed in a cylindrical steel mould
(Ø=20 mm) by uniaxial pressing at low pressure (50-90 MPa) or they were pre-pressed in a
rubber mould by using isostatic pressing at 200 MPa using a press from Tradinco (Berkel
and Rodenrijs, The Netherlands). The samples resulting from the pre-pressing were
subsequently isostatically pressed at 400 MPa. Uniaxial pre-pressing resulted in compacts
with the same approximate dimensions as those formed from solely uniaxial pressing. The
isostatic pressing resulted in cylindrical samples with dimensions of ± 8 mm length and ± 6
mm diameter.
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The third compaction method was magnetic pulse compaction (MPC). Dynamic
compaction, and more specifically MPC, uses a high-energy pressure pulse.20 The pressure
wave that travels through the material causes large stress gradients and also adds an
impulse factor to the particles, resulting in an increased local pressure. The local pressure is
much higher than the overall pressure. The MPC set-up consisted of a capacitor with a
special switch that was able to release the stored energy in a short period of time. The
current went through a wound coil generating a magnetic field. The powder was placed in a
metallic container that had a high electronic conductivity. The metal container was placed
in the coil. Due to the fast change in the magnetic field strength, eddy currents were
introduced in the metal tube. The eddy currents generated a Lorenz force that acted in the
opposite direction of its origin (Lenz’s law). This force consequently compacted the tube
and its contents. The set-up generated a radial compaction field with a maximum overall
pressure of 5 GPa. The pulse duration was 50 to 70 microseconds. The resulting compacts
had a diameter of 15 mm and a height of 2-3 mm. The method has been described more
elaborately elsewhere.21
The fourth method was explosive compaction (EC). A mild steel tube with an inner
diameter of 10 mm, a wall thickness of 2.2 mm and a length of 95 mm was used as a
powder container. The 3Y-TZP/RuO2-powder mixture, sandwiched between two layers of
pure 3Y-TZP powder, was pre-compacted in the container by uniaxial pressing to a relative
density of 33% of the theoretical density. Both ends of the tube were stoppered by steel
plugs. The powder container was centered in
a PVC-cylinder with an inner diameter of
60 mm and a length of 150 mm. The
remaining space was filled with 450 gram of
an ammoniumnitrate-based explosive with a
detonation velocity of 3.6 km/s; a TNOmelange called AMPA.20 A detonator was
placed on top of the cylindrical configuration.
The explosive compaction experiment was
performed inside a bunker at room
temperature. The set-up is shown in Fig. 1a.
Figure 1b gives a schematic representation of
the progressing shock wave and the resulting
compaction of the inner steel tube with
powder.
Fig. 1 Set-up used for explosive compaction
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After the electrical activation of the detonator an axially sliding detonation front will run
along the powder container. The high pressure within the detonation wave will radially
collapse the powder container and introduce a converging shock wave in the powder. The
pressure within this initial shock wave will be on the order of 1 GPa. A second, diverging
shock wave occurs upon reflection of the initial shock wave at the axis. The pressure
behind the reflected shock wave will be several times higher than the pressure in the initial
shock wave. At the reflection of the second shock wave at the periphery of the powder
container the first rarefaction wave is entering the powder as a first step of pressure
release.20

6.3.3 Sintering
Two sintering methods were used to further densify the compacted powders. The simplest
densification method used was pressureless sintering (PS). The compacts were pre-formed
by isostatic pre- and final pressing and were then sintered at 1150°C for 2 hours in air or
nitrogen using (%O2<10 ppm) a dilatometer (Netzsch 410, Selb, Germany) (heating at
2°C/min, cooling at 4°C/min).
The second densification method was sinterforging (SF). Binder (5 wt% of
polyvinylpyrolidone) was mixed with the powder to obtain initial structural integrity. The
compacts for SF were made either by isostatic pre- and final pressing or uniaxial pre- and
isostatic final pressing, as described in the former section. The binder was removed after
pressing by heating at 400ºC for 1 hour (heating rate: 0.5°C/min).
All SF-compacts were pre-sintered by heating with 2ºC/min to 800ºC, and kept at this
temperature for 2 hours before cooling down to room temperature. The resulting compacts
were placed between SiC pistons and sinterforged using the following program:
•

Heating with 10°C/min to 800°C

•

Heating with 2°C/min up to 50°C below the set temperature for SF

•

Heating further with 2°C/min up to the set temperature while increasing the pressure
from 0 to the final pressure (see results)

•

Keeping the temperature and pressure constant for 25 minutes

•

Relieving the pressure and cooling down to room temperature

6.3.4 Characterisation
The composition of the powders and compacts was determined with quantitative X-RayFluorescence spectrometry (XRF) using a Philips PW 1480/10-fluorometer (Eindhoven,
The Netherlands). All measurements were done in duplicate. The powders were pressed
into a tablet. The XRF-measurement method has been described previously. 22
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The phase composition of the compacts was investigated with a Philips X'Pert-1 PW3710
XRD (X-Ray Diffraction) diffractometer (Eindhoven), using Cu K• radiation. The
divergence slit was set to either 1° using a Ni-filter in the secondary (diffracted) beam or to
an irradiated length of 10 mm when using a secondary curved graphite monochromator
optimized for Cu-radiation. The receiving slit was set to 0.1 mm in all cases.
The density of the compacts was determined using the Archimedes technique.
Mercury was used for non-dense (<90%) and water for dense (>90%) compacts.
The compacts were investigated with Scanning Electron Microscopy (SEM) coupled
with an Energy Dispersive X-Ray Microanalysis system (EDAX-mapping). A Philips
XL30 ESEM-FEG (Environmental Scanning Electron Microscope with Field Emission
Gun) was used to make BSE (BackScatter Electron) and SE (Secondary Electron)micrographs at different magnifications (Eindhoven, The Netherlands). The SEM was
coupled with an EDAX DX4 system (resolution 132eV for MnK• ) that was used to make
electron maps (EDAX, Mahwah, NJ, USA).
The electrical resistivity was measured with a Matheson four-point needle resistivity
probe. The needles were in a straight line at a distance of 1.5 mm. The sintered compacts
were sliced into needles, with width and height of 0.4-0.5 mm and length of at least 6 mm.
The high axial ratio is to obtain an electric field in the material with straight field lines.

6.4 Results and discussion
6.4.1 Compaction of powders into compacts at room
temperature
The molar compositions of the powders, calcined at 600°C have been determined by
quantitative XRF. The results are shown in table 1 (for an explanation of the names of the
compacts: see experimental, powder synthesis):
Table 1 Quantitative XRF data showing the molar composition
of the system Y2O3-doped-ZrO2 and RuO2
nanocomposite powders after calcination at 600°C
Powder

ZrO2
Mol%

Y2O3
mol%

HfO2
Mol%

RuO2
mol%

Cl
Mol%

CP46
SP35
CP33
CP15

49.7
61.4
63.0
79.4

3.1
2.7
3.2
4.1

0.5
0.6
0.6
1.0

46.3
34.8
33.0
15.1

0.1
0.4
0.2
0.4
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The results of the compactions are shown in table 2. It is clear that the explosive
compression technique leads to the highest density. The resulting compacts were very
brittle, however, and their structural integrity could not be maintained upon removing the
steel coating. The fragments also showed large cracks. Cracking of the compact is a wellknown problem related to shock compaction.41 The largest fragments (about 0.1 cm3) have
been used for the density measurement. Cracking of the compacts may be reduced by
optimising process parameters. It has been demonstrated that a zirconia-alumina powder
mixture can be compacted into a crack-free compact of 88% theoretical density with
explosive compaction.42
Table 2 Relative density (%) of powders following different
compaction methods. UP = uniaxial pressing, IP =
isostatical pressing, MPC = magnetic pulse compaction, EC
= explosive compaction
Prepress step
Pressure (MPa)
Final press step
Pressure (MPa)
Relative density

UP
90
IP
400
%

IP
200
IP
400
%

CP46
SP35
CP33
CP15
3Y-TZP

58.9
59.0
51.8
54.5
48.51

53.0
52.0
48.6
52.6
49.2

UP
1000
%

MPC
5000
%

63.12

48.8

60.5
60.4
49.52

EC
n.o.4
%

78.43
53.6
55.42

66.83

1: UP was 50 MPa
2: Compact showed laminar cracking
3: Compact was very brittle
4: not obtained

Uniaxial pressing at 1000 MPa yielded most dense uncracked composite green samples,
reaching densities over 60%, although UP1000-CP46 showed some laminar cracks. The
3Y-TZP compact showed severe laminar cracking after uniaxially pressing at 1000 MPa,
even if a binder was added to the powder before pressing. Uniaxially pressed compacts
(1000 MPa) all showed a layered structure, suggesting a density gradient inside the
compacts. A density gradient is usually present when using high pressure uniaxial pressing.
The composite compacts that showed the highest density without any cracking, or
noticeable density gradients were the compacts that were made by first pre-pressing the
powder uniaxially at a pressure of 90 MPa and then isostatically pressing the resulting
cylinders at 400 MPa. Uniaxial pre-pressing for the here described powders is preferred to
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pre-pressing isostatically at 200 MPa. After isostatically pressing the composites at
400 MPa, the latter case always resulted in a lower density compared to uniaxial prepressing at 90 MPa, except in the case of 3Y-TZP.
Magnetic pulse compaction was the least successful compaction method for this
system. In all cases it resulted in compacts with a clearly visible density gradient, and in the
case of 3Y-TZP even in laminar cracking. The density obtained by uniaxially pressing at
1000 MPa was higher compared to magnetic pulse compaction, at the same pressure. Only
in the case of 3Y-TZP powder did MPC led to a higher density. It has been reported
previously that magnetic pulse compaction leads to a lower density compared to explosive
compaction.21 Nevertheless it has proven to be possible to obtain high densities with MPC
for ceramic nanopowders. Densities of around 80% have been obtained for alumina and
zirconia nanopowders with a pressure of 2.5 GPa.43 In the present experiment the maximum
pulse pressure was 5 GPa. The powders were not pre-compacted, although pre-compaction
facilitates compaction with MPC. If the MPC method with these powders would be
optimised, higher densities could be obtained.
The 3Y-TZP powder was more difficult to compact when compared to the dual phase
powder. When using uniaxial pressing or MPC, the 3Y-TZP compacts showed severe
laminar cracking. In almost all cases the 3Y-TZP compact obtained the lowest density. The
presence of the softer ruthenia in the mixed 3Y-TZP-RuO2 powder improved the pressing
behaviour, higher densities were obtained and less cracking occurred.

6.4.2 Sintering behaviour of powder compacts
Table 3 Relative density (%) of compacts after using different sintering
methods, UP = uniaxial pressing, IP = isostatical pressing, SF =
sinterforging, PS = pressureless sintering
Prepress method
Pressure (MPa)
Sintering method
Temperature (°C)
Pressure (MPa)
Atmosphere
Relative density
CP46
SP35
CP33
CP15
3Y-TZP

IP
200
PS
1150
0
Air
%

58.2
97.3

IP
200
PS
1150
0
N2
%

65.3

IP
200
SF
1000
100
Air
%

69.5

IP
200
SF
1150
100
Air
%

UP
90
SF
1150
50
air
%

UP
90
SF
1250
50
Air
%

89.7
93.5
95.7
98.1

82.9
89.9
93.8

97.9
96.6
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In table 3 the densities obtained with different sintering methods are mentioned. Sintering
without added pressure at 1150°C or sinterforging at 1000°C at 100 MPa did not led to a
dense compact for CP33, while 3Y-TZP could be densified without added pressure at
1150°C. The presence of ruthenia seems to have hindered densification by sintering. This
can also be concluded from the density of compacts sinterforged at 1150°C. The density
after sinterforging decreased with increasing ruthenia content, when using either 50 or
100 MPa. This conclusion is in accordance with literature, where it has been reported that
the density of dual-phase titania-ruthenia composites that were sintered at 1300°C
decreases from 85% with 5 mol% ruthenia addition to 73% with 50 mol% ruthenia
addition.23 The higher pressure of 100 MPa compared to 50 MPa led to a higher density
after sinterforging at 1150°C. Dense compacts (>95%) for both CP33 and CP15 could be
obtained when sinterforging at 1150°C with 100 MPa. When increasing the sinterforging
temperature to 1250°C (at 50 MPa) CP46 was also densified to above 95% density. Despite
several attempts to densify zirconia-ruthenia26,23,26,32 and zirconia-titania23 dual phase
composites, a dense crystalline ruthenia composite has not been reported to date.
The samples prepared by explosive
compaction have been sintered pressureless
at increasing temperatures up to 1150°C
with a 2 hours hold at each sintering
temperature. The increase of density with
sintering temperature is shown in Fig. 2.
The 3Y-TZP compact had a lower density
compared to the CP33 compact after
explosive compaction, but obviously a
higher sinter-activity, since at 1000°C the
density of the 3Y-TZP compact is already Fig. 2 Relative density (%) of compacts made by
explosive compaction after sintering at
higher. This result again demonstrates that
increasing temperatures for 2 hours
the presence of ruthenia
inhibits
densification by sintering of the composite compact. To obtain a dense zirconia-ruthenia
material, sinterforging has given the best results and is therefore preferred above sintering
of explosively compacted samples. If explosive compaction would result in crack-free
materials that could further be densified by sinterforging or other pressure-assisted sintering
methods, this would most likely result in dense zirconia-ruthenia materials at low sintering
temperature. The comparison between sintering pressureless in air and in nitrogen
atmosphere has shown that sintering in nitrogen atmosphere leads to higher density.
Therefore it might be advantageous to sinterforge in nitrogen atmosphere or even vacuum.
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6.4.3 The composition of the sintered compacts
The sintering of ruthenia containing composites led to partial23 or even complete loss of
ruthenia.26,32 This oxidation and subsequent sublimation of ruthenia is temperature and
ruthenia-content dependent. At a low ruthenia content (<10 mol%) the ruthenia was
reported to be retained in the composite up to a temperature of 1300°C,23,26 but at higher
ruthenia content,23 or higher temperature26 ruthenia was partially oxidised and sublimed. 23,26
Therefore, the ruthenia-content of several sintered samples was measured with XRF.
The surfaces of the samples that were sintered at a temperature above 1000°C were
partially white, resembling the colour of zirconia. The Ru-contents of both the outside-layer
and the bulk of the materials were determined. The Ru-content of the bulk was determined
by removing the top-layer. The information depth for quantitative XRF for these samples
was ca. 100 micrometer. The outside layer (of 100 micrometer) of the compacts that were
sinterforged at 1150°C did not show (by XRF) noticeable loss of ruthenia. This means that
loss of ruthenia for these samples can only have occurred from not more than a few
micrometers deep. The compacts that were
Table 4 Percentage of loss of
sinterforged at 1250°C showed a gradient in the
RuO2 from compacts after
sinterforging at 1250°C,
concentration of ruthenia inside the material, as can be
determined by XRF
deduced from table 4. The outer layer (of
Loss of RuO2 (%)
approximately 100 micrometer) showed a loss of 8- Powder
surface
Bulk
10% of RuO2, while the bulk had lost 3-5 % of the
10
3
total amount of RuO2 ruthenia present in the CP33 and CP33
CP46
8
5
CP46 compacts. The CP46 compact showed a higher
loss (5%) compared to the CP33 compact (3%), as
could be expected. Loss of ruthenia from these zirconia-ruthenia compacts thus starts
between 1150 and 1250°C, when sinterforging, but is still low at 1250°C. Fast densification
due to the applied pressure during sinterforging prevents large scale loss of RuO2 from the
compacts.
XRD showed the presence of tetragonal zirconia and ruthenia in all cases both before
and after sintering. In some cases a small amount (less than 5%) of monoclinic zirconia was
also present after sintering

6.4.4 The microstructure of the sintered compacts
In Fig. 3 the microstructure of CP33 sinterforged at 1150°C under 100 MPa is shown.
Segregation between the ruthenia and zirconia phases has occurred macroscopically. The
original agglomerate structure of the powder is still recognisable. It was already shown by
XRF that ruthenia at the periphery of the compacts sublimed out of the compacts. This
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makes plausible that ruthenia that was present near the surfaces of the pores between the
remainders of the agglomerates sublimed into these pores and subsequently condensed
there during the closure of the pores. As a result the peripheries of the original
agglomerates consisted out of pure zirconia, while the pores between them were filled with
ruthenia. In the bulk of the original agglomerates a homogenous distribution of small
(below 200 nm) ruthenia and zirconia grains was present, as can be seen in Fig. 4.

Fig. 3 BSE-SEM picture and Electron mapping of same area of CP33 sinterforged at 1150°C at 100
MPa. Light areas are pure RuO2

The phase distribution and microstructure
shown in Fig. 3 is quite similar to the phase
distribution and microstructure reported by
Hammou et al.32 for porous zirconia-ruthenia
compacts that were sintered pressureless at
900°C. In that study they found that the
agglomerate boundaries were enriched with
ruthenia.32
The microstructure of CP46, sinterforged Fig. 4 BSE-SEM-picture of bulk area of CP33
sinterforged at 1150°C at 100 MPa. Light
at 1150°C at 100 MPa, closely resembled the
phase = ruthenia, dark phase = zirconia
microstructure of the CP33 compact
sinterforged at 1150°C at 100 MPa. The major
difference was the larger amount of pores visible in the CP46 compact, reflecting the
already reported lower density (see table 3). The microstructures of the CP33 and CP46
compacts that were sinterforged at 1250°C were similar to the microstructures of the
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Fig. 5 BSE-picture of CP15 sinterforged at 1150°C and 100 MPa. Light grains are RuO 2

compacts that were sinterforged at 1150°C, with the exception of an increase of the
ruthenia bulk grain size of a factor 1.5 to 2 due to the higher sinterforging temperature.
The microstructure of CP15 sinterforged at 1150°C at 100 MPa also showed
macroscopic phase separation between the zirconia and the ruthenia phase (see Fig. 5), yet
there was a large difference with the CP33 and CP46 compacts. Not only the ruthenia that
was originally present at the peripheries of the former agglomerates but also the ruthenia
that had been present at the interior of the former agglomerates had been re-deposited
inside the pores. There were no areas with a homogeneous distribution of small ruthenia
(<1 micrometer) and zirconia grains. The amount of ruthenia compared to the green
compact pore volume was by far the lowest in the case of CP15. The equilibrium between
the ruthenia present in the pores and in the bulk was shifted towards a removal of ruthenia
from the bulk into the pores when sinterforging the CP15 compact.
The SP35 compact sinterforged at 1150°C at 100 MPa also showed macroscopic phase
segregation between the zirconia and ruthenia phases, but to a lesser extent compared to the
CP-compacts. The microstructure was very irregular, as can be seen in Fig. 6, and did not
show the remains of the original agglomerates, as with the CP-compacts. There were areas
with very large ruthenia grains (up to 10 micrometer) and areas with relatively small
ruthenia grains (below 1 micrometer). The final microstructure after sintering was therefore
not only influenced by the oxidation reaction of ruthenia but also by the phase distribution
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Fig. 6 BSE-picture of SP35 sinterforged at 1150°C and 100 MPa. Light areas are RuO2

in the powder. The SP-powder had a less homogeneous zirconia-ruthenia phase distribution
after calcination compared to the CP-powders,36 but after sintering showed less phase
segregation than the CP-powders. This initially more extensive phase segregation after
calcination may have retarded the phase segregation during sintering, as was also reported
for zirconia-hematite materials.44

Fig. 7 BSE-picture and Electron mapping of same area of CP33 explosively compacted
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The explosively compacted CP33 powder showed very large cracks. The explosive
compaction did not change the zirconia-ruthenia phase distribution, however, due to the
low temperature. The SEM-investigation showed the occasional presence of ruthenia grains
of maximal 2 micrometer in or at pores (see Fig. 7), just as was reported for the CP33
powder that was pressed uniaxially at 1000 MPa at room temperature.36 The large majority
of the compact consisted of a homogeneous distribution of small grains of the two phases,
as was already shown for sinterforged CP33 in Fig. 4.
Figure 8 shows that sintering the explosively compacted CP33 pressureless at 1150°C
did not alter the microstructure. Further densification occurred, but the large cracks
remained, just as well as the small-scale phase separation.

Fig. 8 & 9 SE-pictures of explosively compacted CP33 after sintering at 1150°C

Figure 9 shows that after sintering at 1150°C the explosively compacted CP33 still
consisted of ruthenia grains smaller than 2 micrometer that were concentrated at what
originally were the peripheries of the agglomerates and large dense homogeneous areas that
were the bulk of these agglomerates.
The phase segregation of the zirconia-ruthenia compacts seemed to depend strongly on
the porosity. The explosively compacted CP33 had a low porosity. Therefore less ruthenia
was present near a pore and less phase segregation occurred when sintering the compact at
1150°C. The more porous isostatically pressed compacts underwent large scale phase
segregation when sintering at the same temperature. Thus, the amount of segregation
between the zirconia and ruthenia phases in a ruthenia-zirconia dual phase compact can be
tuned by varying the starting density of the compact to be sintered.

Chapter 6

130

6.4.5 The electrical properties of densified zirconia-ruthenia
powders
The electrical resistivity of different compacts was measured using the four-point method.
The results are shown in table 5. The electrical resistivity of pure single crystalline ruthenia
is 0.4x10-4 • cm.17 Based on the low electrical resistivity measured, in all compacts a
percolative electrically conducting system has been formed. The CP33 compacts
sinterforged at either 1150°C or 1250°C had the lowest electrical resistivity, which was
only a factor 3.8 higher than the electrical resistivity of pure single crystalline ruthenia. The
resistivity of CP46 sinterforged at 1150°C was slightly higher.
Table 5 Electrical resistivity of compacts after using different sintering methods
Prepress method
Pressure (MPa)
Sintering method
Temperature (°C)
Pressure (MPa)
Atmosphere
Electrical resistance
CP46
SP35
CP33
CP15

IP
200
PS
1150
0
Air
• cm 10-4

2.1

IP
200
PS
1150
0
N2
• cm 10-4

2.3

IP
200
SF
1000
100
air
• cm 10-4

2.1

IP
200
SF
1150
50
Air
• cm 10-4
1.6
10.3
1.5
2.3

UP
90
SF
1250
50
air
• cm 10-4

1.5

The microstructures of these compacts with the very large ruthenia grains provided
excellent electronic conduction pathways. Probably only the large ruthenia grains that were
concentrated at the peripheries of the former agglomerates participated in the electron
conduction. The homogeneous areas with small (<1 micrometer) ruthenia grains that
formed the original bulk of the agglomerates were always encapsulated by a zone that was
totally depleted of ruthenia. This pure zirconia zone likely acted as an electrically insulating
layer, isolating the small ruthenia grains in the bulk of the CP33 and CP46 compacts. The
same electronic resistivity measured for the CP33 compacts sinterforged at 1150°C and
1250°C indicated that the microstructure did not change when heating from 1150 to
1250°C, as already was shown with the SEM-investigation.
The electrical resistivity of the CP15 compact sinterforged at 1150°C was a factor of
1.5 higher compared to the CP33 and CP46 compacts sinterforged in the same manner, due
to the lower total amount of ruthenia that present was. Relatively more ruthenia was
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available though for electron conduction in CP15 compared to CP33 and CP46, since no
electrically isolated areas with small ruthenia grains were present in CP15.
The fact that the CP15 compact showed metallic conduction makes clear that the
percolation limit for this inhomogeneous system was lower than 15 mol% ruthenia. Such
low percolation limit has not been reported before for a ruthenia containing composite. For
a comparable zirconia-ruthenia system made by sintering pressureless at 900°C, the
percolation limit was at least 20 mol% ruthenia, since up to this limit ruthenia was present
in the mixture and no electrical conduction was found. The relatively low sintering
temperature of 900°C led to a low density with comparable ruthenia-zirconia segregation.32
The phase segregation was not enough, however, at this temperature and the density and the
ruthenia content also were to low to create a percolative ruthenia phase in the material. The
percolation limit of an at 1300°C sintered two-phase titania ruthenia composite was found
to be around 26 mol% ruthenia.23 These compacts also showed an inhomogeneous
distribution of the two phases. These compacts had a density of 70-80%, 23 which probably
led to an increase in the percolation limit.
The CP33 compacts that were sintered pressureless at 1150°C and the CP33 compact
that was sinterforged at 1000°C had an electron resistivity that was a factor of 1.5 higher
compared to the dense CP33 compacts that were sinterforged at 1150°C and 1250°C. This
can be explained by the high porosity of these samples.
The SP35 compact that was sinterforged at 1150°C had an electrical resistivity 7 times
as high compared to the CP33 compact, although in the SP35 compact also large scale
phase separation had occurred. This phase segregation, as mentioned, resulted in another
type of distribution of the two phases compared to the CP compacts. In the SP35 compact
the agglomerate structure of the starting powder was less recognisable. Less ruthenia had
segregated towards the agglomerate boundaries. The ruthenia particles of the SP35 compact
must have been less connected with each other compared to the CP compacts, as was also
visible on the SEM-graphs. This difference in electron conductivity between the SP and CP
compacts demonstrates the influence of the synthesis method and subsequent
microstructure on the electrical properties of materials.

6.5 Conclusions
A density of 80% was obtained for a dual phase zirconia-ruthenia powder at room
temperature by using explosive compaction. This, however, resulted in a brittle material
with large cracks. Due to its brittleness, the explosively compacted powder could only be
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further densified by pressureless sintering. After pressureless sintering at 1150°C the
explosively compacted powder had a density of 93%, with large cracks remaining.
Dense (above 95%) dual phase zirconia-ruthenia composites could be obtained for the
first time by sinterforging at 1150°C under 100 MPa pressure or 1250°C and 50 MPa. In
the first case there is no significant loss of RuO2 from the compacts, in the second the
maximal loss is 5 mol%. Pressureless sintering at 1150°C led to compacts with low density
(below 70%). The presence of ruthenia in the composites hindered densification compared
to a one-phased zirconia compact during sintering, the higher the ruthenia-content, the
lower the final-density. Sintering the zirconia-ruthenia compacts at 1000°C or higher
temperature led to macroscopic phase segregation except in the case of the explosively
compacted powder. The ruthenia at the peripheries of the agglomerates sublimed as RuO4
(g) into the pores where it condensed, forming micrometers thick and tens of micrometers
long ruthenia areas in between the remainders of the original pores. In the bulk of the
original agglomerates the starting microstructure of a homogeneous mixture of zirconia and
ruthenia grains smaller than 200 nm was retained. At a low ruthenia percentage (15 mol%)
all ruthenia had been re-deposited inside the pores upon sintering forming micrometer sized
ruthenia grains and leaving no small ruthenia grains in the bulk.
The high starting density of the explosively compacted powder prevented the large
scale phase segregation during sintering up to 1150°C, leading to a microstructure with
mainly homogeneously distributed small (below 200 nm) zirconia and ruthenia grains and
relatively low amount of large (up to 2 micrometer) ruthenia grains that were accumulated
at pores and cracks.
All compacts were electrically conducting. The type of microstructure influenced the
conductivity to a larger extent than the ruthenia content. The microstructure of the
sinterforged co-precipitation-compacts led to a high conductivity, only a factor 4 lower than
for single crystalline ruthenia in the case of 33 and 46 mol% of ruthenia present in the
composite. The ruthenia that segregated into the pores provided excellent continuous
pathways for electronic conduction, even at a RuO2 percentage of 15 mol%. This low
percolation limit of lower than 15 mol% ruthenia was caused by the inhomogeneous phase
distribution. The more homogeneous distribution of the large ruthenia grains of the
compact made from sequentially precipitated powder led to an electrical conductivity that
was lower compared to the co-precipitated compacts. The ruthenia grains of the former
were less connected, forming less pathways for electron conduction.
These compacts might be interesting as electrode material due to their high electronic
conductivity and their temperature stability. Due to the presence of zirconia the ruthenia
does not sublime readily.
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7 Electrical properties of yttria-dopedzirconia hematite composites
7.1 Abstract
The influence of the addition of ferric oxide to 3Y-TZP on the conductivity of sintered Ystabilised tetragonal zirconia ceramics (3Y-TZP) was investigated. A comparison was made
between three different dense compacts: pure 3Y-TZP compact and two 3Y-TZP-• -Fe2O3
composites. One composite was made by pressureless sintering at 1150°C, while the other
was made by sinterforging at 1000°C and 100 MPa. The compact made by sinterforging
had smaller zirconia and hematite grains and higher monoclinic zirconia content compared
to the compact that was pressureless sintered. The high amount of monoclinic zirconia in
the sinterforged samples resulted in a total absence of ionic conductivity. The addition of
ferric oxide caused electronic conductivity in the materials. Sinterforging probably resulted
in a high concentration of metastable defects in the composite, resulting in a relatively high
electronic conductivity. Heating at >380°C caused irreversible loss of these defects and a
large decrease in electronic conductivity.

7.2 Introduction
It is well known that the electronic/ionic conductivity of oxides changes with grain size.
For example, the electronic conductivity of a dense CeO2-x compact with average grain size
of 10 nm was reported to be a factor 104 higher than that that of coarse-grained CeO2-x with
a grain size of several micrometer. 68 For 3Y-TZP the ionic conductivity normally decreases
with decreasing grain size, due to a blocking effect of the grain boundaries on the ionic
conduction.2 Studies of the ionic conductivity of yttria-doped-zirconia were focused mainly
on the influence of the yttria-content3,4 and grain size2,5 on ionic conductivity. To date, only
one report exists on the conductivity of yttria-doped zirconia with grains in the nano-range
(<100nm) where it was reported that grain boundaries showed enhanced specific
conductivity due to a lower than usual concentration of Si at the grain boundaries.61 The
distribution of (second) phases in the material has been shown to inhibit the ionic
conductivity of the yttria doped zirconia.7
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It was reported that the addition of ferric oxide induced electronic conduction in cubic
yttria-stabilised-zirconia, which strongly increased with the amount of dissolved iron oxide,
while the activation energy for electronic conduction decreased with the amount of
dissolved iron oxide.8,9,10 In some cases the non-dissolved hematite phase did not seem to
influence the conductivity of the with ferric ions saturated YSZ (Yttria Stabilised
Zirconia),8,10 but it has also been reported that with increasing amounts of second phase the
grain boundary conductivity slowly decreased.9
For 10-15mol% Fe2O3 doped cubic 10YSZ the conductivity was mainly electronic up
to 800°C, while with 20 mol% Fe2O3 added the conductivity was mainly electronic even up
to 1100°C (see Fig. 1). Only with 5 mol% of Fe2O3 addition the conductivity mainly was
ionic at every temperature.10 For ferric oxide doped cubic 8YSZ it was reported that above
485°C the conductivity was mainly ionic and not influenced by the amount of iron oxide
doping. Below this temperature the conductivity became increasingly electronic in nature
and at 300°C the electronic conductivity became higher than the ionic conductivity. This
transition temperature increased with the amount of iron oxide addition, just as the extent of
electrical conductivity.8
The reported effect of ferric oxide doping (up to 1.5mol%) on the conductivity of
yttria-stabilised tetragonal zirconia (3Y-TZP)11 is quite different from that of yttria
stabilised cubic zirconia.8,9,10 The addition of ferric oxide to 3Y-TZP led to an increase in
ionic conductivity only when measuring at high temperatures (>800°C). At lower
temperatures (<800°C) both the total and grain-boundary conductivity of 3Y-TZP
decreased with the amount of ferric oxide dopant. The decrease in conductivity was
attributed to an increase in the amount of monoclinic zirconia,11 which has a lower
conductivity than tetragonal zirconia.10 On prolonged annealing of the 1.5mol% Fe2O3doped sample a hematite phase was formed in the material, which led to an increase in the
total conductivity.11 The influence of higher percentages (>1.5mol%) of iron oxide
dissolved in 3Y-TZP or the presence of substantial amounts of iron oxide phase on the
conductivity of 3Y-TZP has not been reported yet. The conductivity of the dual-phase
monoclinic ZrO2-Fe2O3 system has been studied as well. Between 600 and 1100°C the
conductivity was predominantly electronic.10
The (electronic) conductivity of hematite is of the same order as the (ionic)
conductivity of 3Y-TZP. The activation energy of the electronic conductivity of hematite
changes with temperature. The nature of the different types of conductivity in hematite is
not well understood. The conductivity has been attributed a/o to cation excess, cation
vacancies, and electrons.12
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In this paper the influence on the conductivity of the addition of ferric oxide to 3Y-TZP is
described. A 3Y-TZP-• -Fe2O3 composite was made by pressureless sintering at 1150°C,
while another 3Y-TZP-• -Fe2O3 composite was made by sinterforging at 1000°C and 100
MPa.2 The compact made by sinterforging had smaller zirconia and hematite grains than
the pressureless sintered compact. A comparison between the two composites reveals the
influence of the microstructure on the electrical properties.

7.3 Experimental
7.3.1 Synthesis of materials
The synthesis of the compacts has been described previously.13 First dual-phase
nanocrystalline zirconia-hematite powders were made by a sequential precipitation
technique.14 An aqueous solution of FeCl3·6H2O (Fluka, Milwaukee, WI, USA) was added
to a zirconia suspension. Subsequently raising the pH of the mixture precipitated the ferric
ions. The (partly) amorphous gel was washed with water to remove any water-soluble
species and subsequently with ethanol to remove water. After drying at 100°C the gel was
mortared and calcined in air for 2 hours at 500°C (heating rate 2°C/min).14
The single-phase 3Y-TZP powder was made by adding a solution of ZrOCl2·8H2O and
YCl3 to aqueous ammonia (pH 14) with vigorous stirring, subsequent washing of the
precipitate with ethanol, drying at 100°C and calcination at 500°C.
The powders were pre-pressed isostatically at 200 MPa using a press from Tradinco
(Berkel and Rodenrijs, The Netherlands) followed by isostatic pressing at 400 MPa. The
isostatic pressing resulted in cylindrical samples with dimensions of ±8 mm length and
±6 mm diameter.
Both single-phase zirconia and dual-phase zirconia-hematite green compacts were
pressureless sintered at 1150°C for 2 hours (S1150) in air (heating at 2°C/min, cooling at
4°C/min). Another sample was sinterforged (SF1000): a zirconia-hematite green compact
was pre-sintered for 2 hours at 900°C. The resulting compact was placed between SiC
pistons and sinterforged using the following program:13
•

Heating with 10°C/min to the used pre-sinter temperature (900°C)

•

Heating with 2°C/min up to 50°C below the final temperature for sinterforging (950°C)

•

Heating further with 2°C/min up to the envisaged temperature (1000°C) while at the
same time increasing the pressure from 0 to the final pressure (100MPa)

•

Keeping the temperature and pressure constant for 25 minutes

•

Releasing the pressure and cooling down to room-temperature
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7.3.2 Microstructural characterisation of the materials
The composition of the powders was determined by quantitative X-Ray-Fluorescence
spectrometry (XRF) using a Philips PW 1480/10-fluorometer (Eindhoven, The
Netherlands). All measurements were done in duple. The XRF-measurement method has
been described previously.22 It is assumed that the elemental composition of the compacts
was identical to that of the powder, used to make the compact.
The phase composition of the compacts was investigated with a Philips X'Pert-1
PW3710 XRD (X-Ray Diffraction) diffractometer (Eindhoven, The Netherlands), using Cu
K• radiation. The divergence slit was set to either 1° using a Ni-filter in the secondary
(diffracted) beam or to an irradiated length of 10 mm when using a secondary curved
graphite monochromator optimized for Cu-radiation. The receiving slit was set to 0.1 mm
in all cases. The tetragonal/monoclinic zirconia ratio was determined using the calibration
curve of Toraya et al.23 Each compact was prepared for measurement in several different
ways. Either the outer surface of the sintered compact was measured, or the interior, after
either just sawing or also polishing the to be measured surface. The different preparation
methods did not lead to large differences in the XRD-results. The lowest monoclinic
zirconia content measured for a certain compact was taken as the maximal monoclinic
zirconia content for this compact.
The density of the sintered compacts was determined using the Archimedes technique.
The immersion liquid was water.
The microstructures of the sintered compacts were investigated with Scanning
Electron Microscopy (SEM). For the pressureless sintered compacts a Philips XL30 ESEMFEG (Environmental Scanning Electron Microscope with Field Emission Gun) (Eindhoven,
The Netherlands) was used to make BSE (BackScatter Electron) and SE (Secondary
Electron)-micrographs at different magnifications. The sinterforged-compact was
investigated with a Hitachi S4700 (Tokyo, Japan). The micrographs were used to determine
the average grain size of the grains of both the zirconia and hematite phase. The average
grain sizes of the two phases were calculated using the linear intercept method.24

7.3.3 Impedance measurements
The electrochemical impedance was measured in a two–electrode geometry. Gold
electrodes were deposited on both polished surfaces of the sample using a dc-sputtering
technique. Gold electrodes were used as these show little catalytic activity with respect to
the dissociation of ambient oxygen. All measured samples were cylindrical and had a
diameter of 4mm. The frequency dispersion was measured with either a Solartron 1250 or a
Solartron 1255 Frequency Response Analyser (FRA). A home made dual differential
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amplifier was used in order to increase the
input impedance of the FRA system
(typically 1 MΩ). The schematic
arrangement is presented in Fig. 1. The
measured impedances were corrected for the
parasitic cable capacitances (about 100 pF).
To facilitate the distinction between
bulk and electrode processes the dispersions
were measured on sets of two samples with
near identical cross sections but with
different thickness. For each compact two Fig. 1 Schematic of the measurement set up. RM
is the reference resistance. The differential
samples were measured, a large and a small
amplifier outputs are connected to channel
sample, to enable a better distinction
1 and 2 of the frequency response
analyser. The data is corrected for the
between electrode and bulk processes. The
parasitic capacitances CM and CS
thick sample is called “large”, the thin
sample “small”. Large and small samples
had a height of 4-6 and 1 mm, respectively. The samples were placed between solid gold
electrodes in a high temperature measurement cell. A flow of 80% N2/20% O2 at 100
cm3/min (stp) was used as ambient. The validity of the data was tested with a KramersKronig transformation compatibility test program.18 Data analysis was performed with the
Complex Non-linear Least Squares fit (CNLS) software package ‘Equivalent Circuit’.19,20

7.4 Results and discussion
7.4.1 Composition and microstructure of the compacts
The elemental composition of the composite compacts is given in table 1. The
microstructural parameters of the investigated
compacts are given in table 2. The hematite-zirconia Table 1 Elemental composition in
mol% (determined by
composites have a hematite volume percentage of
quantitative XRF) of the
22%, if is assumed that no ferric ions have dissolved
composite compacts
in the zirconia lattice. Probably a small part of the
YO1.5
HfO2
FeO1.5
ZrO2
ferric ions is dissolved in the 3Y-TZP after sintering,
69.1
3.79
0.02
27.0
as has been stated for comparable hematite-3Y-TZP
compacts.11 The densities of the three compacts was
≥94%. The 3Y-TZP compact contained almost no monoclinic zirconia, but the composites
contained substantial amounts of monoclinic zirconia. For the sinterforged zirconia-
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Table 2 Phase composition and microstructure of the investigated compacts
Material

Sinter-

Used

Average

Average

% of t-ZrO2

temperature

pressure

Grain size

Grain size

of total

(°C)

(MPa)

zirconia (nm)

hematite (nm)

ZrO2 amount

3Y-TZP

1150

0

122

3Y-TZP-• -Fe2O3

1150

0

110

183

71.

3Y-TZP-• -Fe2O3

1000

100

80

84

25

97.

hematite composite, the majority (75%) of the zirconia had the tetragonal structure. The
average zirconia grain sizes of the pressureless sintered 3Y-TZP compact (122 nm) and the
3Y-TZP-• -Fe2O3 composite (110 nm) did not differ much. The average grain sizes of the
hematite and zirconia grains of the sinterforged composite were both <100 nm. In Fig. 2
and 3 a BSE- and an SE-SEM graph of the sinterforged composite are shown, while Fig. 4
shows BSE- and SE-SEM graphs of the pressureless sintered composite.

Fig. 2 BSE-graph of the sinterforged (1000°C and 100MPa) 3Y-TZP- •Fe2O3 dual-phase composite. Dark areas are hematite grains
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Fig. 3 SE-graph of the sinterforged (1000°C and 100MPa) 3Y-TZP- •-Fe2O3 dualphase composite.

Fig. 4 BSE- and SE-SEM graphs of the pressureless sintered (1150°C) 3Y-TZP-• -Fe2O3 dual-phase
composite. Dark areas on BSE-graph are hematite grains. SE-graph is of different spot

7.4.2 Impedance results: S1150
In Fig. 5 low temperature (221°C) impedance curves are presented for the S1150 samples
(pressureless sintered at 1150°C). In the insets it can be seen that the semi-circle in fact is a
combination of a small semi-circle at high frequency, which represents the bulk ionic
resistance, and a large semi-circle, which represents the grain boundary ionic resistance.
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Due to the strong overlap between the two semi-circles the CNLS-analysis yielded only
approximate values for the bulk conductivity. The impedance-plots of the 3Y-TZP-hematite
S1150 composite clearly showed a second semi-circle at low frequency due to the electrode
resistance when measured at 527°C (see Fig. 6). The first semi-circles (at high frequency)
in Fig. 6 give the value for the total ionic resistance of the composites at this temperature.

Fig. 5 Impedance representation of the frequency dispersions of 3Y-TZP-• -Fe2O3 dual-phase
composite S1150 samples at 221°C. The high frequency part is enlarged in the insets. (❍)
measurement, (-■-) CNLS-fit
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Fig. 6 Impedance representation of the frequency dispersions of 3YTZP-• -Fe2O3 dual-phase composite S1150 samples at 527°C.
(❍) measurement, (-■-) CNLS-fit

Indications for some degree of electronic
conductivity for the 3Y-TZP-hematite S1150
composite were obtained from a comparison of
impedance-plots measured at high temperature
(681°C) for the ‘small’ and the ‘large’ samples.
The first semi-circle in Fig. 7 again is ascribed to
the total ionic resistance of the composites at this
temperature. The middle line in Fig. 8 shows the
Arrhenius-plot for the total ionic conduction. The
second semi-circle in Fig. 7 scaled with the
geometric factor (thickness) of the samples (see
Fig. 8, bottom line), indicating that this resistance
was due to electronic conduction through the

Table 3 Activation energies for
different types of conduction
occurring in the 3Y-TZPhematite S1150 samples
Conductivity

Eact, [kJ⋅mol-1]

σtotal, ionic

96

σelectronic

100

σbulk, ionic

85
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Fig. 7 Impedance representation of the frequency dispersions of
3Y-TZP-• -Fe2O3 dual-phase composite S1150 samples at
681°C. (❍) measurement, (-■-) CNLS-fit. The heavy line
represents the separate contributions to the dispersion. The
mid-frequency dispersion is modelled with a ‘Fractal
Gerischer’ dispersive element

sample. The third semi-circle in Fig. 7 was more or less independent of the geometric factor
(see Fig. 8, top line) and hence pertained to the electrolyte/electrode interface. The
estimated activation energies for the different types of conduction occurring in the 3Y-TZPhematite S1150 samples are presented in table 3.
With a hematite volume percentage of around 20%, the possibility of a percolative
hematite phase, to explain for the electronic conduction, is a viable option. The activation
energy for electronic conduction in S1150 was 100 kJ⋅mol-1, which is in the same range as
the activation energy for electronic conduction in hematite (95-120 kJ ⋅mol-1).12 It is known
that Fe-enrichment may occur at the grain boundaries of 3Y-TZP phase.29 Considering this
fact, and the fact that the presence of a very small amount of hematite phase in a 3Y-TZP
compact (<1.5mol%) was enough to induce electronic conduction,22,23 both electronic
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Fig. 8 Arrhenius plot of the analysis results of 3Y-TZP- •-Fe2O3 dual-phase
composite S1150 samples at 681°C assuming a parallel electronic
conductivity (bottom line) next to an ionic conductivity (middle line). The
electrode dispersion parameter is presented on the right hand axis (upper
line)

conduction along the grain boundaries and/or through the hematite phase of the S1150
compact seem plausible.
The total ionic conductivity of the 3Y-TZP-hematite S1150 composite was less than
that of the comparably prepared 3Y-TZP single-phase compact (see Fig. 13). This relatively
low conductivity partly has been caused by the higher fraction of monoclinic zirconia of the
3Y-TZP-hematite S1150 composite compared to the 3Y-TZP single-phase compact, as was
also reported for comparable materials by Karavaev et al.22 Furthermore, the presence of an
ionically non-conducting hematite phase also contributed to the lowering of the total ionic
conductivity.23 It has been stated that the ionic conductivity of the 3Y-TZP phase itself,
when doped with ferric ions, also decreases due to local lattice distortion caused by the
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small size of the dissolved ferric ions (65 pm) compared to the zirconia ions (72 nm).23
Lattice distortion in the 3Y-TZP phase due to the presence of cations differing in size from
the Zr4+-ions does not need to lead to a decrease in the ionic conductivity, however. The
increase of the amount of Y3+-ions present in Y-TZP leads to an increase in the ionic
conductivity, although the Y3+-ions are much larger than the Zr4+-ions (102 and 72 pm
respectively).3,4 This increase in ionic conductivity is caused by an increase in the amount
of mobile oxygen vacancies.3,4 The dissolution of (a small amount of) ferric ions in the 3YTZP phase will increase the amount of oxygen vacancies.27 The dissolved Fe3+-ions
probably form couples with Y3+-ions,13 however, which may lead to fixation of oxygen
vacancies, and a decrease in the ionic conductivity. The lower ionic conductivity was partly
compensated by the electronic conductivity.

7.4.3 Impedance results: SF1000
The impedance spectra of these samples indicated a quite different behaviour compared to
the S1150 composite. The conductivity was clearly dominated by an electronic conduction,
which is obvious from the absence of an electrode dispersion (see Fig. 9 and 10). The
CNLS-analysis indicated that most likely the grain boundary resistance was very large. It
could not be estimated from the CNLS-procedure.

Fig. 9 Impedance representation of the frequency
dispersions of 3Y-TZP-• -Fe2O3 dual-phase
composite SF1000 samples at 231°C, run 1. (❍)
measurement, (-■-) CNLS-fit
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Fig. 10 Impedance representation of the frequency
dispersions of 3Y-TZP-• -Fe2O3 dual-phase
composite SF1000 samples at 400°C, run 1. (❍)
measurement, (-■-) CNLS-fit

The first set of measurements was started at 231°C with increasing temperature. Above
350°C the conductivity started to deviate from the Arrhenius behaviour, showing a relative
decrease in conductivity with respect to the extrapolated value. Both the small and large
samples showed the same behaviour, as can be seen in Fig. 11 (1 = run 1). For comparison
the ionic conductivity of 3Y-TZP as measured by Santos et al.2 is presented as well.
After the measurements at 434°C the first run was stopped and both samples were
cooled. A second measurement run with increasing temperature was started at 126°C. The
electronic conductivity had decreased irreversibly, but still showed Arrhenius behaviour up
to a temperature of 360°C as is evident from the Arrhenius graph (line 2) of Fig. 11. At this
temperature again the conductivity of both samples started to deviate from the Arrhenius
behaviour, showing as in the first run a relative decrease in conductivity with respect to the
extrapolated value. Therefore the sample was heated just above this limit of 360°C, at
400°C, over a period of 70 hours, while measuring the impedance at certain intervals. The
(electronic) conductivity could be fitted to an exponential decay for both samples, see Fig.
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Fig. 11 Compilation of the electronic
conductivity of SF1000 samples for three
consecutive runs. First run were
measurements with increasing T, second
also with increasing T and third with
decreasing T again. Runs are indicated
by numbers, arrows indicate the
direction of the measurement sequence.
For comparison the ionic conductivity of
3Y-TZP as measured by Santos et al.2 is
presented as well
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Fig. 12 Relaxation of the electronic conductivity
of the SF1000 samples at 400°C. The
lines represent the fitted exponential
decay curves

12. The corresponding decay times,
however, differed considerably for both
samples. The decay time for the small
sample was less than that for the large
sample (14.4 h versus 22.2 h). After this
relaxation experiment the impedance was
Table 4 Activation energies for the (electronic)
conductivity occurring in the 3 runs of
measured in a few steps up to 750°C and
the 3Y-TZP-hematite SF1000 samples
left for some time at this temperature. A
Sample
Eact, [kJ⋅mol-1]
final run of impedance measurements was
Run1
Run2
Run3
performed with decreasing temperature.
The ionic conductivity could not be
75
84
σtot, small
113
established from the CNLS-analysis. The
77
85
117
σtot, large
corresponding conductivities were too small
with respect to the electronic conductivity at
all
temperatures.
The
electronic
conductivity showed Arrhenius behaviour over the entire temperature range (see graph 3 in
Fig. 11). The estimated activation energies for the three runs measured for 3Y-TZPhematite SF1000 have been compiled for comparison in table 4.
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When the hematite phase is percolative it will cause a (parallel) electronic conductivity.
The activation energy for electronic conduction of SF1000 after equilibration (113-117
kJ⋅mol-1) was higher than for S1150 (100 kJ⋅mol-1), but still in the same range as for
hematite (95-120 kJ⋅mol-1).12 Besides a possible conduction through the hematite phase,
there may also be an electronic path along the grain boundaries of the 3Y-TZP-phase. This
may be either a separate and very thin phase, but it can as well be a more electronically
conducting region in the grain boundary area, due to segregation of the Fe-ions in the 3YTZP phase.
It is unlikely that the observed relaxation behaviour at about 400°C is due to any
change in the (local) concentration of any of the cations, since their mobility is too low at
this temperature and would be independent of sample size. The high pressure (100 MPa)
during sinterforging and the relatively fast cooling after relieve of the pressure may have
left a large amount of defects in the SF1000 compact. It has been reported previously that
the electronic conductivity of hematite depends on the concentration of defects inside the
grains. The relaxation effect observed during impedance measurements may have been the
annealing of these defects. A diffusion process of oxygen ions into the material, causing
annealing of defects, would explain the size dependence of the relaxation process.

Fig. 13 Comparison of total conductivity of S1150, SF1000 (first run), SF1000 (third run), 3YTZP and literature data on hematite12 and (ferric oxide doped) monoclinic zirconia10
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In Fig. 13 the total conductivity of S1150, SF1000 (first run), SF1000 (third run), 3Y-TZP
and literature data of (ferric oxide doped) monoclinic zirconia10 and hematite12 are plotted
in an Arrhenius graph. At lower temperatures the impedance plots of the 3Y-TZP compact
showed two semi-circles due to the grain-boundary and bulk ionic conductivity. The Ea for
the ionic conductivity of the 3Y-TZP compact was 98 kJ/mol, for the grain boundary
conductivity 106 kJ/mol. The Ea for the total (purely ionic) conductivity of the 3Y-TZP
compact was 101 kJ/mol. The 3Y-TZP compact did not have a measurable electronic
conduction at any temperature. The total conductivity of SF1000 in the first run was the
highest of all, but the third run of the 3Y-TZP-hematite SF1000 composite showed a total
conductivity that was lower than both that of 3Y-TZP and the 3Y-TZP-hematite S1150
composite.

7.5 Conclusions
The addition of ferric oxide to 3Y-TZP made by pressureless sintering at 1150°C caused a
decrease in the total conductivity, due to a decrease in the overall ionic conductivity. This
decrease in ionic conductivity was due to an increase of the content of the non-ionicconducting phases monoclinic zirconia and hematite, and possibly also due to a decrease of
the ionic conductivity of the 3Y-TZP phase itself caused by a decrease in the mobility of
the oxygen vacancies. The decrease in ionic conductivity was slightly compensated by an
increase in electron conductivity, either through a percolative hematite phase or through a
conducting grain boundary phase or layer, or both.
Sinterforging of the same composition resulted in a microstructure with small grains
(diameter <100 nm). Sinterforging caused an increase in the monoclinic zirconia content up
to 75% of the total amount of zirconia. This high percentage caused a significant reduction
of ionic conductivity, making it impossible to investigate specifically the influence of the
grain sizes of the compacts. The sinterforging technique caused high concentration of metastable defects in the zirconia-hematite composite, resulting in a high electronic
conductivity. Heating >380°C caused irreversible loss of these defects and a large decrease
in electronic conductivity.
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8 Conclusions and future outlook
8.1 Conclusions
8.1.1 The zirconia-hematite system
For two systems it has been attempted to obtain dense (>95%) nano-nano (<100nm)
composites, namely 3Y-TZP-• -Fe2O3 and 3Y-TZP-RuO2. For the zirconia-hematite system,
the goal to obtain dense nano-nano-composites was achieved. The average grain sizes of
both the hematite and zirconia phases in the produced dense nano-nano composites were
between 50 and 100 nm. The key of the success in this system was twofold namely the use
of a controlled powder synthesis method, and secondly the use of pressure during sintering.
The precipitation of chloride salts led to nanocrystalline powders with a relatively low
degree of agglomeration. Important steps to prevent agglomeration in the powder synthesis
process were the washing and drying steps. Elaborate washing to replace most water by
ethanol and subsequent drying of the ethanol suspension produced fluffy, lowagglomerated powders. As was shown in chapter 5, the densification of the powders was
severely impeded by the presence of strong agglomerates, leading to densities as low as
80% when sintering at 1150°C, while properly washed and dried powders could be sintered
dense at that temperature. Another important conclusion was that zirconia-hematite powder
made by co-precipitation was less suitable for obtaining dense nano-nano composites than
zirconia-hematite powder prepared by sequential precipitation.
The resulting green densities after isostatic pressing at 400 MPa were between 40 and
50%. Pressureless sintering in air at 1150°C led to dense (>95%) composites in some cases.
No dense nano-nano composites could be obtained by sintering without the application of
additional pressure. The amount of porosity in the green compacts was too large, and
possibly the porosity was not distributed homogeneously enough, due to the presence of a
certain degree of agglomeration in the powder.3 Sinterforging at 1000°C and 100 MPa
pressure, however, proved successful in densifying these powders. All sinterforged
zirconia-hematite compacts had a density of >95% and average grain sizes 2× less than
those of compacts that were pressureless sintered at 1150°C. The used pressure of 100 MPa
proved high enough to induce plastic deformation in the sample, leading to closure of all
the larger pores. It would be preferable, though, if pressureless sintering could be used to
make nano-nano composites, since this method is more facile and economically more
feasible.
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No conclusions could be reached on the influence of the grain sizes in the nano-range on
the properties of the zirconia-hematite composites. The impedance of a nano-grained
composite made by sinterforging was compared with a composite with grain sizes in the
range 100-200 nm, made by pressureless sintering. The most important differences between
the compacts affecting the impedance were the amount of monoclinic zirconia and the
formation of metastable defects in the sinterforged compact, probably due to the applied
pressure during sinterforging. Prolonged annealing at T>400°, resulting in a stable system
irreversibly eliminated the defects. The high monoclinic zirconia content led to the absence
of significant ionic conductivity for the sinterforged compact. Therefore no conclusion
could be made on the influence of the grain size.

8.1.2 The zirconia-ruthenia system
The goal of obtaining dense nano/nano zirconia/ruthenia composites was not reached. A
93% dense composite could be formed where the majority of ruthenia grains had a size of
around 100 nm. The material was very brittle and contained large cracks. Around or in the
cracks large ruthenia grains of up to 5 micrometer size were concentrated. The best results
were obtained by using explosive compaction.
The powder synthesis methods for the zirconia-ruthenia system were analogous to the
zirconia-hematite system. Also for this system the washing- and drying step were important
to obtain a loosely agglomerated powder. The co-precipitation method was more suitable to
make homogeneous dual-phase powders than the sequential precipitation method, which is
in contrast to the zirconia-hematite system. This difference was caused by the different
solubility limits of the Ru4+- and Fe3+-ions in the yttria-doped zirconia lattice. After
calcination at 600°C almost no Ru4+-ions were left in the zirconia lattice, while
approximately 30mol% FeO1.5 remained dissolved in the yttria-doped zirconia lattice at that
temperature.
During sintering the phase separation between zirconia and hematite caused
dehomogenisation. Since the zirconia and ruthenia were already segregated in the powder,
the dehomogenisation mechanism that occurred for the zirconia-hematite system, did not
occur for the zirconia-ruthenia system. In the zirconia-ruthenia system the sublimation of
ruthenia following oxidation to Ru8+ led to increased dehomogenisation with increasing
temperature at T>300°C. The calcined powders (600°C) contained a certain amount of large
ruthenia grains (2• m), next to a majority of small ruthenia grains (<50 nm). This starting
point of powder morphology made it difficult to form nano-nano ruthenia-zirconia
composites.
It was shown to be very important to attain a high green density to prevent further
dehomogenisation during sintering. The only powder compaction technique that resulted in
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very high green densities was explosive compaction where a relative density of almost 80%
could be obtained. A disadvantage of this method was the formation of large internal cracks
that resulted in a brittle compact. The other investigated compaction methods, magnetic
pulse compaction, uniaxial and isostatic pressing, all resulted in densities of <60%. This
density was too low, and resulted in large-scale dehomogenisation during sintering.
As for the zirconia-hematite system, sinterforging was also the most successful
sintering method for the zirconia-ruthenia green compacts. Unfortunately, due to their
brittleness, the green compacts made by explosive compaction could only be further
densified by pressureless sintering. Sinterforging of the zirconia-ruthenia green compacts
was more difficult compared to the zirconia-hematite system, a relatively high temperature
of 1150°C (when using 100MPa) was necessary to obtain a density of >95%, compared to
1000°C for the zirconia-hematite system. The sinterforging of the isostatically pressed
compacts caused much more large-scale phase separation than was the case for pressureless
sintering at 1150°C of explosively compacted powder.
Since nano-nano composites were not realised for the zirconia-ruthenia system in this
study, it was not possible to gain further knowledge on the possible changes in properties
when reducing the average grain size to the nano-domain. Nevertheless, the dense zirconiaruthenia compacts showed interesting electrical properties. It was found that the electrical
conductivity was only a factor 3-4 lower than the single-phase ruthenia when 33 to 46mol%
ruthenia was present, and a factor 5-6 lower when 15mol% ruthenia was present.

8.1.3 Nano-nano composites in general
For every possible synthesis of nano-nano composites the first choice that has be made is
whether a dual-phase powder, or a single-phase solid solution consisting of the two starting
components will be used. If a single-phase solid solution powder is made, then the second
phase should be formed during sintering. The formation of the second phase should not
encompass grain growth and dehomogenisation to the same extent as was observed in the
zirconia-hematite system. Although this promoted dehomogenisation process was observed
only for the zirconia-hematite system, it may well be a general process for solid solutions
that divide into separate phases. During phase separation energy is released, which
probably leads to a higher mobility of the ions of the system and then promotes grain
growth and dehomogenisation. Thus, in general a sequential phase synthesis method will
offer better possibilities for obtaining nano-nano composites.
In the next section, possible improvements to the used synthesis, powder densification and
sintering methods will be discussed. Also methods not used here will be merited for the
chances they offer to obtain nano-nano composites.
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8.2 Perspectives for improvements: powder s ynthesis
8.2.1 Using wet-chemical techniques
The use of hydrothermal crystallisation to make nanocrystalline zirconia-hematite dualphase powders showed both advantages and disadvantages. The main advantage was that
the agglomerate strength of the dried powders was lower compared to the calcined
powders, due to the fact that the fully crystalline phases were formed in the liquid phase.
The main disadvantage (in the case of the SPZI27-powder) was the dehomogenisation due
to Ostwald-ripening. This disadvantage may be minimised by reducing the hydrothermal
crystallisation time. It may also be advantageous to crystallise the hematite at lower pH (23 instead of 6-7), since at this pH the zirconia suspension will be more stable, which
increases the chance on the formation of a homogeneous mixture.
The synthesis temperature for crystalline zirconia (or 3Y-TZP) can be lowered to
100°C by co-precipitating zirconyl chloride hydrate and yttrium nitrate at pH 13.9 with
aqueous potassium hydroxide and subsequently heating at 100°C for several hours.2 This
broadens the possibilities for low-temperature synthesis of YTZP-second oxide phase
powder composites in general, and may also lead to less agglomerated zirconia
suspensions. This zirconia suspension may be a better start for sequential precipitation
methods.
In the case of the zirconia-ruthenia system the use of hydrothermal crystallisation
seems a good option to prevent the strong dehomogenisation during calcination.
Combinations of urea and RuCl3-salts should not be used, in this case, since this leads to
the formation of carbonate salts.3 The hydrothermal treatment of a co-precipitated zirconiaruthenia hydroxide gel, using the conditions mentioned above (T=100°C), may give good
results.
Another possible improvement is to increase the stability of the zirconia suspension.
Zirconia hydroxide particles can be stabilised during or directly following precipitation if
they are precipitated at a pH between 1 –and 10. At a basic pH between 12 and 14 colloidal
stabilisation of the precipitated particles will not occur. Zirconium hydroxide particles can
be stabilised by acetylacetone in pH-range 2-4; citric acid is effective in the pH-range 7-8.4
Alkoxide-based synthesis have not been attempted in this research, but they offer good
possibilities too. Both 3Y-TZP31 and TiO232,33 powders made by the sol-gel method and
subsequent calcination have been densified into dense nanograined (respectively 90 and
84 nm average grain size) compacts. As already discussed in chapter 1, powders made by
alkoxide synthesis can be loosely agglomerated and densified into nanocompacts. It does
not seem possible to improve the homogeneity of the system resulting from the coprecipitation technique, but the fact that the hydrolysis normally is performed in partial
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alcoholic media, may lead to less agglomerated powders compared to aqueous (co)precipitation methods.
Many different oxide and hydroxide nanoparticles have been prepared inside nanoreactors. Magnetite8 and aluminum hydroxide9 have been produced inside organic vesicles.
Micro-emulsion systems have shown more variety in and control over the synthesis of oxide
and hydroxide nanoparticles. Hydrous tin oxide,10 crystalline hematite,11 and amorphous
yttria doped zirconia a/o have been synthesised in emulsion.12 The main advantage of the
use of micro-emulsion techniques is that they can produce non-agglomerated particles. If
these particles are oxides, such as the hematite particles, 11 they could be consolidated in the
liquid phase by colloidal filtration or other wet consolidation techniques. This may produce
very homogeneous green body microstructures. The largest problem in the wet
consolidation is the presence of emulsifiers that can take up a large part of the solid content.
They can be removed by filtration or replaced by smaller molecules, however.13
The oxidic particles in the emulsion could also be dried and consolidated. Dry
powders obtained in that way have a lower degree of agglomeration than powders produced
by standard wet-chemical techniques. If the emulsion precipitation process can not obtain
the desired crystalline phase, and only a hydroxide system is obtained, the advantage of
micro-emulsion synthesis diminishes.12 It has been shown to be possible, however, to
hydrothermally crystallise amorphous 3Y-TZP, produced by a micro-emulsion method, at
250°C.13 Agglomeration of the amorphous particles was prevented by the use of a
surfactant that remained at the surface of the particles even during and after the
hydrothermal treatment. This resulted in a suspension of agglomerate free, crystalline, 3YTZP.13
Two stable micro-emulsions (or identical single-phased liquids that result after
removing one of the two liquids of the micro-emulsions) with different particles can be
mixed very homogeneously. If the resulting suspension would be wet-consolidated or
simply dried, the green compact or powder would form a good start for the preparation of
nano-nano composites.
Microwave drying was reported to lead to less segregation between CeIV and AlIII-ions
in an aqueous gel than air-drying at room temperature and 80-85°C in an oven. 14 This was
deduced from the increase of the crystallisation temperature of alumina and ceria when
calcining the differently dried amorphous precipitates. The gel was treated with 500 W for
5 min followed by 20 min at 1000 W. Due to this fast drying there is probably less
possibility for segregation of the different cations.
A possible improvement is the use of azeotropic distillation to dry precipitated
(hydr)oxides.23,16 Normally, the water of the (hydr)oxide suspension is replaced by an
alcohol before oven drying.21 The capillary forces between the (hydr)oxide particles during
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drying are less in an ethanol suspension compared to an aqueous suspension. Formation
of strong agglomerates in water is due to reaction between hydroxide groups at the surfaces
of different particles connecting them by oxo-bridges. If the (hydr)oxide particles are
dispersed in an alcohol, a part of the hydroxyl-surface groups will be replaced by alkoxide
groups. This will reduce the formation of oxo-bridges, especially during drying. 23,16
A complication with normal oven drying is that an alcohol will always be mixed with
some water. The lighter alcohols have a lower boiling point than water and will evaporate
preferentially. At the end of the drying step the gel will contain again a high percentage of
water, which will still lead to the formation of strong agglomerates. If, however, the water
is mixed with an alcohol with higher boiling point such as n-butanol16 that forms an
azeotrope with water, the water can be totally removed from the mixture by azeotropic
distillation.23,16
Even less-agglomerated powders can be made if such an alcoholic suspension is
freeze-dried. The alcohol should have a melting point close to room temperature and a high
vapour pressure. Tert-butyl alcohol has proven to be very effective as a solvent for
producing weakly agglomerated barium titanate powders by using freeze drying methods.27
Freeze-drying of aqueous suspensions, as discussed in chapter 1, can also produce loosely
agglomerated powders.

8.2.2 Using gas-phase techniques
As was discussed in chapter 1, gas phase-techniques have been used to produce loosely
agglomerated nanocrystalline single-phase oxidic powders5 and core-shell dual-phase
oxidic powders.16 The single-phase powders can be a (metastable) solid solution.17 It has
been shown that alumina-zirconia nano-nano composites can be made by mixing separately
prepared zirconia and alumina powders and densifying the mixed powder.5 Densifying the
core-shell dual-phase oxidic powders or the solid solutions offers good possibilities for
obtaining dense nano-nano composites, due to the low degree of agglomeration of those
powders and their high homogeneity.

8.2.3 Using solid state processes to make composite powders
Although it was shown that by high-energy ball-milling homogeneous solid-solutions can
be produced that are nanocrystalline after annealing, 1 it is questionable if these powders are
suitable for the production of nano-nano composites. Homogenous dual-phase powders can
not be made by this method. The degree of agglomeration of the powders is higher than that
of powders made by wet-chemical or gas-phase methods.
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8.3 Perspectives for improvements: powder
compaction
8.3.1 Increase green density with high-pressure (>1GPa)
techniques
A zirconia-ruthenia powder could be densified up to 80% density by using explosive
compaction.23 The produced compacts were severely cracked and brittle, however. This
hindered the further densification of the materials. If the explosive compaction technique
would be optimised to prevent the cracking of the material, sinterforging could be used to
further densify the explosively compacted material. This could lead to a dense material with
extremely fine grains. Although explosive compaction is not an economically feasible
technique for mass-scale products, it can be very useful for fundamental research.
Uniaxial pressing techniques
Other high-pressure room temperature densification techniques may lead to high
densities (80-90%) as well.42 High pressure dynamic compaction using a diamond anvil
cell25 or piston-cylinder die configuration25,26 have proven to be capable of densifying
nanocrystalline powders up to densities of 80-90%. In the case of the diamond anvil cell
this led to very small samples of size below 1 micrometer. The methods in this paragraph
mentioned have the disadvantage of either producing very small or very brittle samples.
It was shown that zirconia-hematite powders that were compacted to 60% density
using magnetic pulse compaction could be sintered to 93% density at 1000°C by
pressureless sintering.27 This promising result shows that magnetic pulse compaction may
be a good intermediate between the less successful standard techniques such as isostatic
and uniaxial pressing and the expensive high-pressure techniques.

8.4 Perspectives for improvements: sintering green
compacts
8.4.1 Reduce grain growth during sintering
Using a fast densification technique, such as spark plasma sintering (SPS) can lower the
grain growth of oxides during sintering.28 By running a high current (2000 A) through the
oxide in short pulses the sample is heated with 600°C/min. A discharge between the
particles is expected to occur, leading to the formation of a plasma. This promotes material
transfer and makes rapid densification at low temperatures and short holding times
possible.28
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It was shown that the average grain size of dense 3Y-TZP ceramics could be reduced by
using fast-firing methods. When heating the compact at 3°C/min to 1200°C with a hold of
30 minutes, an average grain size of 150 nm was obtained (at a density 96.0%). With
heating at 500°C/min to the same temperature with a hold of 2 minutes the resulting grain
size was 100 nm (density 96.5%). 28
Grain growth mainly occurs during final-stage densification. It can be suppressed by
exploiting the difference in kinetics between grain-boundary diffusion and grain-boundary
migration. This was done by using a two-step sintering process in which the first step
should result in a sufficiently high density of 75%, after which the sintering temperature
was lowered 100 to 150°C. This reduction of the temperature reduced grain-boundary
migration but kept grain-boundary diffusion sufficiently fast to complete the densification.
Due to the reduced grain boundary migration the microstructure became more or less
“frozen” after the first sintering step. Grain growth was very slow during the second
sintering step, while the densification process steadily proceeded to full density. 29

8.4.2 General conclusions, including literature
Sinterforging was shown to be the most successful sintering method for densification to
nano-nano composites for the systems in this study.27 With pressureless sintering, working
under vacuum often promoted densification.39,5,31 The application of pressure during
sintering gives an additional driving force to achieve densification.39 Combinations of
vacuum sintering with a special sintering schedule or sinterforging in vacuum may result in
dense nano-nano composites with very small grains.

8.5 Perspectives for improvements: characterisation
8.5.1 Measurement of the homogeneity
The homogeneity of powders can be investigated on nanoscale using Small Angle Neutron
Scattering (SANS) contrast variation.32 With this method it could be detected that within
co-precipitated titania/zirconia hydrous sol particles, the zirconia was segregated within the
matrix of the titania on a scale of 1 nm, while for sequential precipitation prepared
titania/zirconia hydrous sol particles the zirconia was segregated on the surface of the
titania particles on a 10 nm scale.32 The SANS method can not be made quantitative yet,
but can give qualitative information on segregation between metal ions on nanoscale.
The accuracy of EDX-measurements of the L and M-lines has recently been greatly
increased by using NORAN detectors. This allows for the use of lower voltages (1 keV),
leading to a much smaller sampling volume than with normal SEM/EDX.
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8.5.2 Detection of average grain size
Atomic Force Microscopy (AFM) can be used to image the surface of polished
nanomaterials. It has been tried to determine the difference in friction properties of the
three types of interface in an alumina-zirconia composite. The friction force for an aluminaalumina interface was slightly lower than for an alumina-zirconia interface, which, in turn,
had a lower friction force compared to the zirconia-zirconia interface. 33 If there would be a
larger difference in friction properties of the different interfaces, it would be possible to use
AFM to make a two-dimensional representation of the grain boundaries, including the
phase to which each grain belongs.
Scanning Tunnelling Microscopy (STM) has proven to be effective in determining the
different grains in a titania-ruthenia composite.34 The surface of a titania-ruthenia electrode
could be mapped two-dimensionally showing the distribution of the two phases with a
resolution of a few nanometers, even though the surface was quite rough. The
measurements were performed in the constant height mode to map the tunnelling current
with a tip at a fixed distance from the surface. Due to the fact that the ruthenia phase is
electron conducting while the titania phase is a semi-conductor, the tunnelling current of
the ruthenia phase is 6× as high as that of the titania phase.34 This large difference in
electron conductivity improves the resolution. With the expected decrease of the tip sizes in
the near future the resolution of this method will improve. This will also allow for smaller
differences in the electrical conductivity with yet enough resolution to map the phase
composition.

8.6 Perspectives for improvements: new nano-nano
composites to be prepared
There are several possible combinations of phases that may result in interesting new nanonano composites. If only oxidic phases are used, the amount of possibilities is limited.
Titania, zirconia and ceria have shown to be most promising as the major phase.
Nanograined metal compacts and composites are obtained more readily.35 An interesting
new field to be developed is the synthesis of nanograined cermets. If certain oxides
(zirconia, titania and ceria) would be combined with metals, very interesting new materials
could be envisioned. It was already shown that dense nanograined TiO2-Ti compacts can be
made.36 More combinations can be made in future.
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8.7 Conclusions on future perspectives
The most promising powder synthesis techniques are gas-phase techniques and microemulsion techniques. The use of high pressure, both during powder compaction and
sintering offers the best possibilities for decreasing the grain size of bulk nanomaterials. If
non-agglomerated powders can be compacted to high green densities, the benefit of
pressure assisted-sintering to pressureless sintering will decrease, and pressureless sintering
will become more viable.
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