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Abstract 

In this thesis, the author reports on a ceramic process leading to transparent ytterbium doped 
yttrium oxide ceramics. The full production route was investigated, namely: powder 
preparation, compaction and sintering.  

First, yttria nano-powder was fabricated from a precursor with transient morphology, i.e. 
yttrium hydroxynitrate platelets that decomposed into spherical yttria nano-particles during 
calcination. The influence of different dewatering methods on such precursors was 
investigated. Water removal by freeze-drying was shown to be optimal for the production of 
non-agglomerated nano-particles compared to other methods that involve solvent removal by 
evaporation. This was attributed to the ability of freeze-drying to avoid the formation of solid 
bridges, since water is directly removed by sublimation.  

In a second step, doping with ytterbium was performed. Two precipitation routes were 
compared: precipitation of hydroxynitrate platelets and precipitation of amorphous carbonate. 
The latter route was shown to allow a better distribution of ytterbium in the yttrium oxide 
matrix after calcination of the corresponding precursor. This was attributed to good cation 
mixing within the amorphous particles, while formation of the hydroxynitrate platelets 
resulted in segregation of ytterbium because of the precipitation of an ytterbium-rich 
secondary phase. 

Because of the laborious character of the above techniques, an alternative method for 
synthesizing yttrium oxide powder was developed. This method not only allows for producing 
weakly-agglomerated nano-particles with equiaxed morphology, but is also a very time-
efficient process. Its characteristic feature lies in the ability to skip two processing steps 
encountered in common precipitation techniques (i.e. filtration and drying). The method is 
based on combustion synthesis, sulfation, and calcination at high temperature. Through 
careful tailoring of the process parameters, evolution of the cellular nanostructure towards 
individual yttrium oxide nano-particles was obtained during firing.

A method combining pre-sintering in vacuum followed by hot isostatic pressing (HIP) using 
glass encapsulation was shown to be successful to produce transparent yttria ceramics from 
agglomerated powders. Pre-sintering in vacuum of compact agglomerates enables differential 
sintering, resulting in only intergranular porosity. Subsequent HIP treatment of the pre-
sintered samples caused almost complete pore elimination and achievement of transparency. 
However, macro-defects were present in the final material. 

From these results it became obvious that the packing homogeneity must be improved. For 
comparison, green-bodies were produced by slip-casting or pressing followed by cold 
isostatic pressing (CIP). Rheology studies were performed in order to tailor the milling 
conditions and the quantity of dispersant to obtain slurries with minimum viscosity and which 
were suitable for slip-casting. Although slip-cast pellets exhibited similar densities as pressed 
samples after pre-sintering, they showed more homogeneous optical properties after HIP. This 
was attributed to density gradients in the pressed compacts.  

By using the novel powder synthesis and HIP methods developed in this work, yttrium oxide 
transparent ceramics doped with 30 at% ytterbium were fabricated. The best sample showed a 
transmittance of 25% at 400 nm for a thickness of 3mm. 
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CHAPTER 1. INTRODUCTION 

1.1. Scope of this work 

1.1.1. Objectives 

Solid-state lasers are already being used by ESA (e.g. Silex in the Artemis mission) and this 
usage should expand for various space missions such as LIDARS (Wales), interferometers 
(LISA), rangefinders and altimeters. In all these applications, ESA is continually looking for 
more compact lasers with continued performance improvements. In the current context of 
miniaturisation to reduce transport costs and because of the limited amount of power available 
in space, laser systems with better efficiency or new functions are of major interests. 

Moreover, ESA is interested to build through the industry a civilian laser altimeter for 
planetary mission, such as Bepi Colombo for the exploration of Mercury. In its intended 
invitation to tender for the Laser Altimeter for Planetary Exploration definition, ESA 
encourages to examine ceramic lasers as a new technology in parallel with proven laser 
technologies.

Therefore, the long-term objective of this work is to fabricate a ceramic laser with improved 
laser properties that could be implemented in the near future in a civilian space load. This 
involves development and processing of the material, as well as optical and spectroscopic 
characterisation.

From the material synthesis point-of-view, a suitable sintering method to achieve 
transparency has to be found. Then, it must be tailored by identifying the most critical 
parameters in all processing steps, including starting powder characteristics and compaction, 
in order to obtain the best optical properties. 

1.1.2. Advantages of laser ceramics 

Generally, the emission wavelengths required for planet exploration projects lie in specific 
near infrared spectral regions and can be accessed using today’s baseline technology, single-
crystals of Yttrium Aluminium Garnet doped with Neodynium (Nd:YAG).

However, the major advantage of ceramics over single-crystals is the fabrication process. 
Fusion is required to grow single-crystals and most interesting laser materials have melting 
temperatures above 2000°C. With ceramics, it is usually only necessary to heat up to two 
thirds of the melting temperature. Besides, it can take several weeks to grow single-crystals 
by fusing the raw-materials. The growth of yttria single-crystals requires very expensive 
iridium crucibles. But the worst problem it suffers is obviously dopant segregation, whereas 
ceramics through powder processing enables higher flexibility in composition. 

Because of a greater flexibility in the process, the doping content can be increased in ceramic 
materials without any segregation. Therefore, an increase of dopant concentration leads 
inevitably to a rise of the optical absorption. For microchip lasers having small mode size, it 
has been shown that highly doped Nd:YAG ceramics give rise to lower threshold and higher 
efficiency than for single-crystals1. Generally, one can say that if a crystal can be more highly 
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doped, then much thinner laser crystals can be used and thus heat dissipation is less of a 
problem.  

Moreover, disc geometry is a basic shape to obtain through dry or wet forming methods in 
ceramic processing. No final machining is needed as for single crystals, only mirror polishing 
can directly be performed after fabrication of the final material. 

In the quest of laser materials with better efficiency, new compositions may become available 
thanks to ceramic processing. This is the case of yttrium oxide doped with ytterbium 
(Yb:Y2O3). It is very hard to grow a single Y2O3 crystal because its melting point lies around 
2430°C. Therefore, ceramic processing should allow for fabricating this material by using 
lower temperatures. 

1.2. The system Yb:Y2O3

1.2.1. Brief description of a laser material 

Laser is an acronym for Light Amplification by Stimulated Emission of Radiation. A laser is a 
device that produces powerful and highly directional beam. Laser emission is often very 
highly coherent both in space and time. A laser consists of an active medium placed in a 
suitable optical cavity that is generally composed of two parallel mirrors facing each other. 
Initially, the only light emitted is that arising from fluorescence or spontaneous emission. 
Light that is reflected between both mirrors is amplified by physical phenomena in the laser 
material. Finally, a laser beam can escape through one of the mirrors, which is partially 
transparent. The physical phenomena taking place inside the laser material involve interaction 
between light and atoms. 

In fact, the total energy of a molecule consists generally of a sum of four contributions: (1) 
electronic energy, due to the motion of electrons around the nuclei, (2) vibrational energy, due 
to the motion (vibrations) of the nuclei, (3) rotational energy, due to the rotational motion of 
the mocelcules, and (4) translational energy. In a solid crystal, both rotational and 
translational energies are negligible, since atoms are constrained in certain positions by 
chemical bonds. These energies can be quantified and are degenerated, i.e. they can only take 
certain values, i.e. solutions of Schrödinger’s equation.

An electromagnetic wave can interact with a material and cause electronic transition from one 
state of energy to the other. A laser exploits three fundamental phenomena that involve such 
transitions, namely, the processes of absorption; spontaneous emission and stimulated 
emission (see Figure 1.1).  

2

1

h = E2-E1
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Figure 1.1. Schematic illustration of the three processes: (a) absorption, (b) spontaneous emission, 
and (c) stimulated emission. 

(a) (b) (c) 
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For a hypothetical atom with a ground state (1) and an excited state (2), an incoming photon 
with an energy h  matching the energy difference between both levels (E2-E1) can cause the 
atom to be raised to the excited state, this is called absorption. Vice-versa, when an excited 
atom decays to the ground state, it can release a photon with an energy h . This corresponds 
to spontaneous emission. In that case, photon emission is randomly oriented in direction. A 
third phenomenon, called stimulated emission, is the key to obtain a laser effect. When an 
incoming photon with the right energy h  = E2-E1 interacts with atom in the excited state, it 
causes the decay of the atom to the ground state and the emission of a new photon without 
being absorbed itself. Moreover, the incoming photon transfers its direction and coherence 
properties to the new emitted photon.

However, in order to obtain an amplification effect through stimulated emission, two 
conditions must be fulfilled. First, more atoms must be in the excited state. This is referred to 
as population inversion. Since the ground state is always more populated at thermal 
equilibrium, it is necessary to bring extra energy to excite more atoms. This is called pumping 
and performed by the absorption of electromagnetic waves from flashlamps or laser-diodes in 
the case of solid-state lasers. The other condition is the existence of a third level (with an 
energy E3 higher than E2) with a fast non-radiative transition to the level E2. This avoids 
reabsorption of photons to the level 3 after their emission by the stimulated process between 2 
and 1. Such pumping scheme is called a three-level laser (Figure 1.2 (a)). A long lifetime for 
level 2 is desirable for a three-level laser. The drawback of three-level lasers is that 
reabsorption of the emitted photons to level 2 is possible, so that it requires intense pumping 
to level 3 to achieve population inversion. 

In a four-level laser (Fig. 1.2(b)), the lower level (1) lies far above the ground state of the 
system (0) and is generally unpopulated, because there is a near-instantaneous, non-radiative 
transition from level 1 to 0. Thus, the population inversion condition is always fulfilled, i.e. 
there are always more electrons in level 2 than in level 1, providing that level 2 is populated. 
Because it is not necessary to pump at least half the population of the ground state as for the 
three-state lasers, four-state lasers are much more efficient and never exhibit absorption of the 
laser light itself.  

Active media of solid-state lasers are made of insulating crystals or glass that show relatively 
large gap (~ 4 eV for oxides). They are referred to as host-materials, since they have to be 
doped with active impurity ions. It is these ions introduced in the crystal structure that 
determine the energy transitions used for laser application. The energy transitions have to fall 
into the gap of the host material, in other words, where the material is transparent. These 
transitions are more or less influenced by the crystal field of the host material. 

3
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Figure 1.2. (a) Three-level and (b) four-level laser schemes. 
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1.2.2. Yb3+ as the dopant 

Ytterbium (Yb3+)-doped materials are called quasi-three or quasi-four level lasers, because the 
terminal Stark level of the ground state 2F7/2 is occupied thermally at room temperature. As 
such, it requires high intensity pumping in order to saturate absorption. Nevertheless, Yb3+ is 
very attractive for efficient diode-pumped solid-state lasers. Yb3+-doped materials show high 
quantum efficiency and no concentration quenching, because the Yb3+ ion has only two 
manifolds, the ground state 2F7/2 and the upper level 2F5/2. The energy level diagram of 
Yb3+:Y3Al5O12 single-crystal after Takaichi et al.2 is plotted in Figure 1.3. Large crystal-field 
splitting, millisecond-lifetime of the metastable 2F5/2 state, and fairly good intensive inter-
Stark 2F5/2

2F7/2 transitions are also advantageous for efficient laser action in different host 
crystals3.

Until recently, ytterbium could not compete with neodymium because it is less suited to 
pumping with flash-lamps and, owing to its quasi-three-level laser transition, it requires high 
pump intensities. The advent of high-brightness diode lasers in the last 10 years has removed 
these disadvantages. Because ytterbium’s absorption maximum is near 940 nm, it is perfect 
for pumping with InGaAs diodes. As a result, Yb:YAG laser output at its fundamental 
wavelength (near 1030 nm) has increased from a few hundred milliwatts in 1991 to more than 
1kW today. 

As mentioned before, high doping levels increase absorption.  This enables using thinner 
crystals that are more easily cooled down. In the case of Yb:YAG, thin-disc laser technology 
was developed to exploit the properties that this system offers.  By increasing the doping level 
to 25%, this technology has an efficiency of up to 70%4.

1.2.3. Y2O3  as host-material 

There are several candidates to serve as host-materials for Yb3+ to make a laser medium. 
Yttria is one of the best, as shown by Brenier and Boulon5. Nevertheless, a cubic material is 
required to fabricate a polycrystalline laser. As a matter of fact, in a polycrystalline material, 
the grains are randomly oriented, and therefore it is necessary to have a material that presents 
the same index of reflectivity in all directions in order to avoid birefringence. In the case of 
materials with different refractive indexes, light would be deflected each time it crosses grain 
boundaries.

Figure 1.3. Energy level diagram of Yb3+:Y3Al5O12 single-crystal. After Takaichi et al.2
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Figure 1.5. Phase diagram of Y-O. 
From ref. 7

Yttria (Y2O3) has the C-type cubic crystal structure of the rare-earth oxides. The C-type
structure is named after the mineral bixbyite (space group Ia3 (Th

7) with Z = 16) and 
resembles that of fluorite (CaF2) with one fourth of the anion sites vacant and regularly 
arranged, as shown in Figure 1.4. The unit cell contains 48 oxygen and 32 yttrium ions; each 
of the latter is situated at the centre of an approximate cube with oxygen at six of the eight 
vertices. In three quarters of these sites, the missing oxygens fall on a face diagonal of the 
mini-cube, the remainder at the ends of a body diagonal. The full unit cell contains 4×4×4 of 
these mini-cubes. Here only a 2×2×1 part is shown for clarity of presentation. 

As an oxide, yttria shows a broad transmittivity from 280 nm to 8 μm6. Y2O3 melts at 2430°C, 
but the C–type structure is only stable up to 2325°C7 (see Figure 1.5). At higher temperatures, 
the H-type structure forms (hexagonal). The high melting temperature and this polymorphic 
transition render difficult the growth of yttria single crystals.  

Figure 1.4. Crystal structure of Y2O3.
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Figure 1.6. System Ln2O3.
Temperature versus lanthanide atomic number.  
A = rare-earth oxide type A structure (hexagonal);  
B = rare-earth oxide type B structure (monoclinic);  
C = rare-earth oxide type C structure (cubic);  
H = rare-earth oxide type H structure (hexagonal);  
X = rare-earth oxide type X structure (cubic). 
From Ref. 9 

The main advantage of Y2O3 is its thermal conductivity. Solid-state laser performance at high 
average powers is normally limited by the thermal behaviour of the laser crystal. Thermally 
induced refractive-index variations lead to beam-shape aberrations, and in extreme cases 
excessive heating may lead to crystal fracture due to stress build-up. Y2O3 appears to be a 
possible alternative to YAG, since it has a slightly higher thermal conductivity8.

Yb2O3 crystallises in the same structure as Y2O3 (see Figure 1.6)9 and Y3+ and Yb3+ have very 
close ionic radii (90 and 87 pm, respectively). Both oxides are therefore expected to form 
readily solid solutions. Thus, there are no particular limitations for the doping level in the 
system Yb: Y2O3.

1.3. Optical ceramics 

1.3.1. Processing of ceramic materials 

Usually, the processing of high performance ceramics can be divided into three steps (see 
Figure 1.7): 

Ceramic powder synthesis: Ancient ceramic powder synthesis techniques used raw 
materials that are either natural in origin or a natural mineral after thermal 
decomposition. These materials require crushing and grinding to obtain a desirable 
particle size distribution for most ceramic processing. However, to make the best use 
of the potential properties of ceramics, new ceramic powders with high chemical 
purity and fine particle size are necessary. 
Green-body formation: A ceramic green-body is a moulded shape made from a 
multitude of ceramic particles. A green-body can be made from a ceramic suspension, 
a ceramic paste, or from a dry ceramic powder. It is moulded into a shape with forces 
applied to either the individual particles, as in drag and gravitational forces, or to the 
mass of particles, as in ramming a dry powder onto a die or extruding a paste. At this 
stage the ceramic green body is porous and fragile. 
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Sintering: Sintering is a process whereby the porosity is removed from the ceramic 
green-body, giving a fully dense ceramic piece. The driving force for sintering is the 
reduction of surface area by increasing the temperature. 

1.3.2. State-of-the-art 

Polycrystalline ceramics became available for optical applications in the early 1960’s when 
Coble10 first fabricated translucent Al2O3. Since then, a number of oxide and nitride 
transparent ceramics have been developed for optical and other applications. It had been long 
speculated that a dense polycrystal of an isotropic, pure material would be indistinguishable 
from a single-crystal of the same material.  

In 1966, E. Carnall reported polycrystalline ceramic laser material for the first time11. In his 
work, with powder preparation and vacuum hot-pressing techniques, optical-quality 
polycrystalline CaF2 was produced. The transmittance, refractive index, and optical 
homogeneity of polycrystalline and single-crystal CaF2 are compared and shown to be 
virtually identical. Dysprosium doped CaF2 lasers have been operated in both the hot-pressed 
polycrystal and single-crystal forms at liquid-nitrogen temperature. Similar laser threshold to 
that of single crystal laser was obtained.

In 1972, R.C. Anderson reported on the fabrication of transparent Nd-doped Y2O3 ceramics 
using high contents of zirconia-, hafnia- or thoria-based sintering additives12,13. The resulting 
material was synthesised by a conventional ceramic sintering approach. In 1974, C. 
Greskovich obtained laser effect out of the same material produced by a slightly modified 
method. However, the flashlamp-pumped lasing thresholds and slope efficiencies were 
approximately the same level as that of commercially Nd-doped glass laser at that time14.
Thereafter, polycrystalline ceramic laser hosts did not receive much attention for more than 
10 years primarily because of their inferior optical quality to that of single-crystal and glass 
materials.  

Since the middle of 1980’s, investigations have been made to obtain high-quality, highly 
transparent rare earth ions (such as Nd3+, Yb3+, Tm3+, etc.) doped YAG ceramics that can be 
used as laser materials to compete with rare-earth-ion doped YAG single-crystals. In 1984, De 
With sintered transparent YAG ceramics to nearly 100% relative density using SiO2 and MgO 
as additives to inhibit grain growth15. Powders were prepared by spray-drying and calcining 
the appropriate sulphate mixtures. In the following decade, the classical ceramic route using 
SiO2 as a dopant, was successfully followed.

Powder Green-body Dense final 
product

Compaction Sintering 

Figure 1.7. Schematic diagram of ceramic processing.
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In 1990, M. Sekita reported the optical properties of Nd-doped YAG ceramics obtained by the 
urea precipitation method16. The optical properties of the ceramic were almost the same as 
those of single crystals grown by the Czochralski method and floating-zone method, except 
for higher background absorption of 2.5-3 cm-1. The same team reported optical spectra of 
undoped and rare-earth (Pr, Nd, Eu, and Er) doped transparent ceramic YAG in 199117. The 
absorption coefficient at non-absorbing wavelengths by Nd3+ is reduced from more than 1.7 
cm-1 to 0.25 cm-1. However, the simple estimation of the population inversion threshold of the 
Nd:YAG ceramic reveals that the threshold was still about 25 times larger than that of single-
crystal YAG.

The breakthrough happened in 1995, when A. Ikesue et al. fabricated a highly transparent 
neodymium doped YAG ceramic with a solid-state reaction method. The average grain size 
and relative density of the 1.1% Nd:YAG ceramics obtained were about 50 μm and 99.98%, 
respectively. An oscillation experiment was performed on a CW laser by the diode laser 
excitation system using the fabricated ceramics. Laser output of about 70 mW were obtained 
with a sloped efficiency of 28%. This was the first laser demonstration on Nd:YAG 
ceramics18.

In 1999, T. Yanagitani et al. developed a vacuum-sintering method to fabricate high quality 
and highly transparent ceramic laser materials. The raw materials were prepared by 
nanocrystalline technology19 and laser experiment was performed in 200020. Regarding 
absorption spectrum, emission spectrum and fluorescence lifetime, almost identical results to 
these of Nd:YAG single-crystal were obtained. For laser oscillations, an output powder of 357 
mW was obtained with a slope efficiency, , of 53%, which is almost the same level as that of 
Nd:YAG single crystal laser (  = 54.5%).

Since then, different compositions of cubic hosts doped with Nd3+ or Yb3+ have been 
developed in Japan: 1at% Nd:Y3ScxAl(5-x)O12 (  =30% at 1061 nm)21, 1.5at% Nd:Y2O3 (
=32% at 1075 or 1079 nm)22, 0.15at% Nd:Lu2O3 (  =5% at 1076 or 1080 nm)23, 1at% 
Yb:Y3Al5O12 (  =26% at 1030 nm)24, 8at% Yb:Y2O3 (  =20% at 1078 nm)25, and 2.5at% 
Yb:Sc2O3 (  =9% at 1094 nm)26.

1.3.3. Optical characteristics 

Compared to single crystals, sintered polycrystalline ceramic bodies have more complicated 
microstructures that consist of grains, grain boundaries, secondary phases and pores. These 
structures greatly influence optical properties, as it is illustrated in Figure 1.8.

(3)

(4)

(2)

(1)

Incident light 

Transmitted light 

(1) diffuse scattering 
(2) pore 
(3) precipitate 
(4) grain boundary phase 

Figure 1.8. Scattering of light in polycrystalline ceramics due to microstructural imperfections. 
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Light that traverses a transparent medium is attenuated through three loss mechanisms: 
absorption, reflection, and scattering. It can be readily shown that the transmittance of a given 
specimen is expressed by the equation 

)2exp()1(1
)exp()1(/ 22

2

0 xsr
xsrII )1.1(

where I/I0 is the transmittance of the specimen, r = (n-1)2/(n+1)2 is the reflectivity at each 
surface, s is the fractional scattering loss at each surface, x is the sample thickness in 
centimetres, and  is the absorption coefficient (cm-1). This last term includes not only 
absorption but also losses due to distributed scattering throughout the bulk. It can be 
expressed as

opin SS )2.1(
where  is the absorption term characteristic of electron transition, Sin is the scattering due to 
structural inhomogeneities (e.g., pores and secondary phase), and Sop is the scattering due to 
optical anisotropy (birefringence). 

The absorption coefficient can be calculated from transmittance measurements of two samples 
of the same material with different thicknesses using 

12

12 /ln
dd
TT )3.1(

where T is the transmittance and d is the sample thickness in centimetres. 

For scattering centres smaller than the wavelength of the radiation, the scattering intensity can 
be determined by the Rayleigh equation. According to the Rayleigh equation, the scattering 
intensity is proportional to d6/ 4, where d and  are radius of the scattering body and the 
measuring wavelength. From this relationship, it can be predicted that the size of scattering 
centers in the ceramic has to be many times smaller than the output wavelength (~1μm) in 
order to minimize the scattering loss, since the lasing light in a laser cavity travels tens of 
thousand times through grain boundaries. 

If scattering loss and absorption from defects and impurities are neglected, Eq. 1.1 gives a 
maximum theoretical transmittance of 84.9%, using n = 1.8 for yttria27. To be able to produce 
laser radiations in a ceramic material, has to be as low as 0.01 cm-1.
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CHAPTER 2. POWDER SYNTHESIS 

2.1. Overview and challenges 

2.1.1. Powder requirements 

In order to be able to sinter a ceramic material to transparency, the choice of the raw materials 
is very crucial. Indeed, the starting powder must meet severe requirements. The average size, 
size distribution, shape, and state of agglomeration of the powder particles have important 
consequences for both the compaction step and the microstructure of the fired body. 

Ideal physicochemical characteristics of a ceramic powder include: 

Sub-micron particle size (< 500 nm) 
Controlled particle size distribution 
Uniform and equiaxed shape 
Minimum degree of agglomeration (< 3 μm) 
High degree of chemical purity 
Controlled chemical and phase homogeneity 
Maximized bulk particle density 
Minimum weight loss upon heating 
Controlled surface chemistry 

Sub-micron particle size 

The driving force for densification in sintering is proportional to the curvature of particle 
surfaces, or in other word inversely proportional to the radius of the surface (Chapter 3, Eq. 
3.13). Therefore, it can be assumed that the driving force for sintering is inversely 
proportional to the size of particles. Moreover, from Herring’s scaling law (Chapter 3, Eq. 
3.8), we see that, as the mean particle size is decreased, the time needed to sinter a ceramic 
piece is decreased. Nevertheless, particles with sizes below 10 nm might be difficult to handle 
and unsuitable for compaction methods such as dry pressing. Hence, primary particles ranging 
between 10 and 100 nm are to be preferred.  

Controlled particle size distribution 

A relatively narrow distribution of particle sizes is necessary to avoid differential shrinkage. 
A particle that is much larger than the surrounding matrix will shrink less than the matrix 
(because it is already dense), causing compressive stresses in the matrix. This will inhibit 
sintering or cause matrix cracking.  

A narrow or monodisperse particle size, on the other hand, might cause problems with particle 
packing if the powder is packed in the dispersed state, since close packed domains separated 
by domain boundaries is generally formed instead of a fully close packed structure1,2. On 
sintering, these structures sinter perfectly within the close packed domains, but large pores 
develop at the domain boundaries. Consequently, the pore size distribution is multimodal 
even for a monodisperse powder. A solution can be to use a powder made of different 
controlled particle sizes to fill the gaps.  
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Uniform and equiaxed shape 

Uniform and equiaxed shape facilitate most forming processes that are necessary to achieve 
uniform packing. Bringing the particles as close as possible to each other reduces the 
distances for material transport, which results in higher densification rates. Moreover, 
equiaxed particles usually lead to isotropic linear shrinkage during drying and sintering.

Minimum degree of agglomeration

Agglomerates lead to heterogeneous packing in the green body, which in turn lead to 
differential sintering (different regions of the body sintering at different rates) during the 
firing stage3. This can cause serious problems such as the development of large pores and 
crack-like voids in the fired body. 

Agglomerates are classified into two types: soft agglomerates in which the particles are held 
together by weak van der Waals forces and hard agglomerates in which the particles are 
chemically or physically bonded together by strong bridges. 

Purity

Most impurities may form inclusions or react with the mean material forming a solid solution 
or a liquid phase. Moreover, it can alter the defect chemistry of the Y2O3 host, thereby 
modifying the lattice coefficients of diffusion. Such phenomena have a great influence on 
sintering even at small impurity levels. In the case of alumina, only 100 ppm MgO are 
required to sinter alumina to transparency4. Therefore, working with high purity raw materials 
is required in order to be able to control and tailor the addition of sintering aids.

From the laser point of view, impurities are often responsible for energy transfers and 
modification of the average crystal field strength5. There are often traces of rare-earths other 
than the mean element in single rare-earth component powders with high purity level (over 
99.99%), since the separation of rare-earths is nothing trivial. Auzel et al.6 have shown that 
only a few ppm of these foreign rare-earth elements cause self-quenching in Yb:Y2O3 single-
crystal fibres. Therefore, all these alterations of the spectroscopic properties deteriorate the 
laser efficiency. 

Phase homogeneity 

The dopant has to be as well distributed as possible inside the host material. Lupei et al.7

showed that neighbouring dopant ions were responsible for the formation of characteristic 
features in the spectral lines. These spectral defects alter the laser properties. 

Maximized bulk particle density 

Through maximized bulk density of the particles, a minimum of porosity has to be removed. 
Therefore, intraporosity, mesopority and fractal surfaces are unsuitable. High specific surface 
areas are not desirable, unless it is due to very fine bulky particles.
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Minimum weight loss upon heating 

When a ceramic material is heated to high temperatures, gases continually evolve from the 
free surfaces until close porosity is reached. If these gases are insoluble in the material, they 
will not be able to escape and will remain in the pores. The pressure exerted by the entrapped 
gases will be opposite to the sintering stress, preventing thereby to reach full density. The 
pressure in the pores might eventually rise if external pressure is applied.

The nature of the gases that evolve at high temperatures depends on the chemical and thermal 
history of the powder. Rhodes et al.8 showed that methane (coming from a milling step with 
methanol) was still evolving at temperatures up to 1000°C during calcination. Moreover, 
other gaseous impurities were clearly adsorbed. Since Y2O3 is known to hydrate and 
carbonate, water and carbon oxides continually evolve up to 1200°C. This adsorption 
phenomena increases with the specific surface of the powder. Therefore, a maximum purity is 
to be recommended, storage conditions must be controlled and eventually a burn-out step may 
have to be carried out. Moreover, sintering atmospheres such as oxygen, hydrogen or vacuum 
are the most suitable for optical ceramics.  

Controlled surface chemistry 

It is also important to control surface contamination during each processing step, since surface 
chemistry will control the properties of the powder in suspension. This is particularly 
important when wet forming methods such as slip-casting are to be used, because the 
rheology of ceramic suspensions has to be tailored in order to achieve high packing density. 

2.1.2. The drawbacks with conventional processing 

It is obvious that all requirements listed above cannot be fulfilled by natural minerals. Above 
all, no inorganic compound can be found in the nature with a purity of 99.99%. Moreover, in 
order to understand why synthetic routes are to be preferred in our case, it is worthwhile to 
discuss what the mean features of conventional routes are. Conventional processing to prepare 
doped powders involves: 

Mixing
Doping
Milling

Mixing

When mixing two different solid compounds, mixing homogeneity can only be achieved in 
the best case on a size scale similar to that of the mean diameter of the powders employed. 
The best case corresponds to a structured fashion. However, in most cases, random mixing is 
achieved, thus the composition of nearby particles coordinating a specific particle is based on 
probability.  As an example9, for a powder composed equally of two components having a 
particle size of 0.4 μm, which are randomly mixed such that the standard deviation is 0.5%, a 
homogeneity scale of 10 μm results.  
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Doping

In order to dope a metal oxide powder with another metal element, two different approaches 
are possible. First, an oxide powder of the element to be added can be used. In this case, solid-
state interdiffusion has to take place between both powders. If fine particles accelerate the 
reaction kinetics, the success of this method depends also on the homogeneity scale of the 
powder mixture. But this scale is commonly larger than a viable diffusion distance for the 
doping species, unless the mixture is heated at very high temperatures, causing appreciable 
growth of the powder particles. Thus, sintering and doping are usually performed in the same 
thermal treatment10. However, to get a homogeneous distribution of the dopant in the final 
material, substantial grain growth is required.

In the other method, the dopant is distributed by mixing a soluble salt containing the dopant 
element with the main oxide powder in a suitable solvent11. After drying the mixture, there 
are two possibilities: either the mixture is calcined in order to remove the counter-anions from 
the salt or the mixture is used directly as starting powder for sintering. On one hand, the first 
alternative will be somewhat successful in removing the impurity, but particles might start 
sintering together, thereby forming hard agglomerates. On the other hand, sintering directly a 
powder containing a salt will cause gas evolution during its decomposition and if a large 
amount is used, it might not be possible to remove fully the impurity, which in turn might 
affect sintering in an uncontrolled manner.  

Milling

As shown above, conventional methods to prepare cation-doped oxide powders typically 
result in the formation of aggregates (hard agglomerates) that require comminution processes 
to reduce the particle size to the micrometer level. Ball-milling and attrition-milling are the 
two most common methods for the comminution of ceramic powders. Nevertheless, both 
techniques end to be effective after the particle size reaches an ultimate limit, which lies 
around 500 nm and 300 nm for ball- and attrition-milling respectively. Moreover, milling not 
only produces asymmetric particles but also introduces impurities from milling media.   

For all these reasons, conventional ceramic methods appear unsuitable for our purpose to 
sinter ceramics to transparency. 

2.1.3. Unsuitable commercial powders 

In order to judge the quality of commercial powders, we selected three fine powders available 
on the market: 

A. Y2O3 REacton, Alfa Aesar, 99.99% purity, particle size guaranteed below 1 micron. 
B. Y2O3 Grade C, HCST Starch, 99% purity, d50 = 0.9 μm, SBET = 10-16 m2/g.
C. Y2O3 Ultrafine, Rhodia, 99.9% purity, d50 = 0.47 μm, SBET = 17.20 m2/g..

The morphology of the different powders was observed by Scanning Electron Micoscopy. 
Figures 2.1 (a) to (f) show that all powders are composed of primary particles with a size of 
about 50 nm. However, these primary particles are more or less agglomerated together. 
Powder A in (a) and (b) is composed of dense agglomerates with sizes ranging from 0.5 to 10 
μm, while submicron platelets can be distinguished in powder B in (c) and (d). Observation of 
the agglomerate shapes allows us to speculate about the processing history of the powders. 
The conchoidal edges of the agglomerates in powder A might be due to the breakage of a 
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dense filtered layer, while the primary particles in powder B might have been synthesized by 
the decomposition of platelet-shaped precursors. Figures 2.1 (e) and (f) show loosely-packed 
primary particles with no particular order in the case of powder C.

However, none of these powders possess simultaneously the appropriate purity and 
morphology required for the purpose of this work. Moreover, the major problem with these 
powders remains that they are all undoped. It is therefore necessary to identify a method to 
synthesize a doped nano-powder that will fulfil most of the requirements listed above. 

(a) (b) 

(c) (d)

(e) (f) 

Figure 2.1. Typical SEM pictures at different magnifications of: (a) and (b), powder A; (c) and (d), 
powder B; (e) and (f), powder C. 
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2.2. Method selection 

2.2.1. State-of-the-art of Y2O3 powder synthesis 

Decomposition of yttrium salts 

The easiest way to fabricate yttria powder is to decompose commercially available yttrium 
salts. Furlong and Domingues12 observed the sinterability of yttria powders derived from 
yttrium carbonate, hydroxide, oxalate, ammonium sulphate, sulphate, and nitrate. Carbonate 
and hydroxide precursor were found to give the most sinterable powders. However, no high 
resolution pictures of the corresponding were presented. 

Precipitation

Precursors of Y2O3 have been obtained by simple precipitation of hydroxides from yttrium 
nitrate or chloride solution by the action of NH4OH solution13,14. The precipitates were 
voluminous and flocculated; washing with water and ethanol, and calcination at 700°C, 
converted them to irregular chunks of the oxide with low surface area. In a forced hydrolysis 
reaction at 90°C in presence of urea, the solid product consisted of spherical particles of the 
basic carbonate, transforming to Y2O3 spheres (< 0.5 μm) of narrow size distribution and a 
specific surface area of ~ 5 m2/g after calcination at 700°C. 

Yttrium hydroxynitrate was synthesized by precipitation at constant pH of yttrium nitrate and 
tetraalkylammonium hydroxides by Fokema et al.15. Yttria nano-particles of 9.5 nm were 
obtained by calcinations at 600°C. The powder was only softly agglomerated as shown by its 
specific surface area (100 m2/g).

Ikegami et al.16,17 prepared nanosized yttria particles from the decomposition of yttrium 
hydroxynitrate nano-platelets and yttrium normal carbonate nano-rods. The morphology of 
the precursors was not retained after calcination in both cases. It resulted in particles with 
sizes between 50 and 100 nm that were only softly agglomerated. These two examples will be 
further discussed later on. 

Monodisperse particles of yttria was obtained after calcination of yttrium hydroxycarbonate. 
The hydroxycarbonate particles were prepared by homogeneous precipitation of yttrium 
chloride by the decomposition of urea at 90°C18,19,20.

Hydrothermal synthesis 

Yttria powder was also prepared by subsequent hydrothermal treatment of yttrium hydroxide 
precipitated from yttrium nitrate or chloride by ammonium hydroxide. Tomaszewski et al.21

obtained yttria particles that retained the morphology of the precursor particles or crystallized 
into micron-sized needles beyond a certain temperature. Sharma et al.22 added Y2O3 seeds to 
a precipitated gel previously made by addition of yttrium chloride and ammonium hydroxide. 
Hydrothermal treatment of the mixture produced directly yttria primary particles of 44 nm in 
size, which were composed of 12 nm crystallites. The resulting powder had a surface area of 
197 m2/g.
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Emulsion synthesis 

Akinc and Celikkaya23 prepared a water-in-oil emulsion by dropwise addition of an yttrium 
nitrate surfactant. For submicron particles, ultrasonication was used. Triethanolamine was 
added to the emulsion to obtain precipitation of yttrium. The precipitate was centrifuged, 
washed with water, dried at 100°C and calcined at 700°C during 5h. 

Spray-drying

A spray-dried yttrium oxide powder was reported by Hours et al.24. A precipitate was first 
prepared through the interaction of YCl3.6H2O with NH4OH solution. The precipitate was 
peptized by the action of an acid (generally HCl). The sol thus obtained was spray-dried. The 
powders calcined above 600°C crystallised to only Y2O3. The special character of the spray-
dried agglomerates (~ 5-15 μm) was their extreme porosity, indicating easy crushability. 

In a work made by Rulison and Flagan25, hydrated yttrium nitrate solutions in n-propanol
were sprayed by an electrospray atomizer suitable for obtaining sufficiently small droplets for 
submicron particles. Spheroids of up to ~200 nm were obtained at 550°C. 

Sol-gel synthesis 

Various sol-gel techniques have also been used for the synthesis of Y2O3. Micheli26 utilized 
the double decomposition reaction between a water-soluble ammonium polyacrylic salt and 
an yttrium salt solution to produce a metal polyacrylate precipitate and a soluble ammonium 
salt. The yttrium polyacrylate thus obtained was calcined at above 1000°C to convert it to soft 
agglomerates of Y2O3.

Minagawa and Yajima27 prepared a precursor salt, NH4Y(C2O4)2 H2O by reacting NH4OH
solution with yttrium oxalate solution of an Y(III) slurry with oxalic acid. The oxide was 
obtained by thermal decomposition of the salt at 750°C. Greskovich et al.28 also used oxalic 
acid to co-precipitate yttrium and thorium oxalate from nitrates. However, no powder 
characterisation was reported. 

Djuricic et al.29 described the preparation of fine Y2O3 powder by thermal decomposition of 
yttrium-organometallic complex. An aqueous solution of yttrium chloride was mixed with an 
organic base made from melting glucose and urea. The mixture was boiled for 1h at 90-100°C 
to dryness. The resulting solid black-coloured foamy mass was further pyrolysed in air. The 
resultant yttria powder showed a remnant foamy structure with a specific surface area of 22 
m2/g and a mean crystallite size of 20 nm. 

Dupont et al.30 synthesized precursor gels with different chelating agent, namely, citric, 
tartaric, malonic, oxalic and acetic acids. By varying concentration of the chelating agent, 
various morphologies were obtained: needles, platelets, foam. Yttria powders were obtained 
by calcination of the different precursors. Morphology of the precursor was inherited by some 
powders, while others decomposed into spherical particles after calcination of the precursor. 

Combustion synthesis 

Yttria has been synthesized by combustion synthesis process using various fuels. Both solid 
and solution combustion techniques have been used by Ekambaram and Patil31 for Y2O3
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powders. In the solid combustion technique, yttrium hydrazine carboxylate complex, 
Y(N2H3COO)3.3H2O was pyrolyzed in air at 600°C/1h. The complex was also rapidly heated 
with NH4NO3 or NH4OCl4 at 300°C. Direct pyrolysis resulted in the finest powders (40 nm) 
and agglomerates (~1 μm), as also the largest surface area (36 m2/g). In the solution 
combustion process, a saturated aqueous yttrium nitrate solution was rapidly heated with 
various hydrazine-based fuels to obtain fine particles (68 nm). Dasgupta et al.32 used yttrium 
nitrate and ethylene glycol as the fuel. Different mixture ratios were heated up to different 
temperatures ranging from 270 to 675°C and then calcined at 700°C. All powders showed a 
crystallite size around 10 nm and a primary particle size of 100 nm. 

Physical methods 

Physical techniques, such as inert gas condensation of laser-ablated yttrium oxide or inert gas 
condensation of sputtered or thermally evaporated yttrium followed by oxidation to yttrium 
oxide, produced powders with crystallite sizes as small as 7 nm and surface areas as high as 
77 m2/g at 300°C33,34.

2.2.2. Powder production by precipitation and calcination

As shown above, many methods have been developed the last twenty years to produce 
submicron or nano-scaled powders of yttria. Certain methods require specific and expensive 
equipments, while others are cheaper and easier to run. Among them, chemical precipitation 
in the liquid phase seems to be the easiest method to set up, since it requires generally only 
common lab equipments, such as glass dishes and magnetic stirrer with heating. It is also by 
far the cheapest method by using low-cost chemicals and water as the solvent.  

The preparation of ceramic metal oxide powders via precipitation involves two steps: (1) the 
precipitation of an insoluble salt of the corresponding metal, called the precursor, and (2) the 
decomposition of the precursor into oxide.  

Unlike conventional ceramic techniques, precipitation enables to produce powders with: 
Atomic mixing: inherent in chemically derived powders. It avoids the large concentration 
gradients present in conventionally processed systems and facilitates precise and uniform 
compositional control of major and minor constituents of the powder. 
Fine size scale: When a powder is a metal salt, the fine particle sizes that are possible to 
achieve via chemical preparation promote rapid decomposition kinetics. The size scale 
accelerates random diffusion by minimising the diffusion distance for the dopant to diffuse 
into the host-material.  
Low impurity content: Chemical impurities are minimised not only by the highly purified 
state of the powders but also because the need for milling is minimised or eliminated. 

2.3. Precipitation 

The deposition of fine particles as a precipitate from solution may generally be considered as 
a two-stage process: the formation of nuclei and their subsequent growth. Both processes are 
driven by chemical supersaturation. The particle size distribution produced during 
precipitation is a result of the: 

- relative rate of reaction 
- relative rate of nucleation 
- relative rate of growth 
- relative rate of agglomeration 
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2.3.1. Supersaturation 

Thermodynamics

Growth of crystals by precipitation involves transfer of solid (solute) from the solution to the 
solid. Thus, the matter to be transported exists in the liquid and the solid states. When it is 
transformed from one state to another, the change in the molar Gibbs free energy Gm at 
constant pressure and temperature is given by: 

Gm = (μS-μL)  (2.1) 
where μS and μL are the chemical potentials in the liquid state (solute) and the solid state, 
respectively. When Gm < 0, the solution is supersaturated and the transition from liquid to 
solid is a spontaneous process. When Gm > 0, the solution is undersaturated and it is not 
thermodynamically possible, on a macroscopic scale. A necessary and sufficient condition for 
equilibrium is when Gm = 0.
Assuming that the solute at equilibrium has the same chemical potentials in the liquid state 
and solid states, then the difference in molar Gibbs free energy can also be expressed as: 

Gm = -RT ln(a/a0)  (2.2) 
where R is the gas constant, T is the absolute temperature, a is the activity of the solute and a0
is the activity of the pure solute in equilibrium with a macroscopic crystal. Assuming the 
activity coefficients are one,  

Gm = -RT ln(S) = -RT ln(1+ )  (2.3) 
where S is the saturation ratio and  is the relative saturation. They are given by
S = C/Ceq and  = C- Ceq /Ceq (2.4)
where C is the actual concentration in solution and Ceq is the solubility at the temperature and 
pressure of the system. For the precipitation of ionic crystal such as Y(OH)3, the solubility is 
can be expressed as a function of  the solubility product: 

)()()(3)( 3
3 sOHYaqOHaqY  (2.5) 

Ksp = [Y3+]0[OH-]0
3 (2.6)

where [Y3+]0 and [OH-]0 are the ionic concentrations of Y3+ and OH- at equilibrium. 
Therefore,

Ksp
OHYS

33 ]][[  (2.7) 

where [Y3+] and [OH-] are the actual ionic concentrations of Y3+ and OH-. Several salts can 
precipitate from the solution but only one will be the least soluble at the specific pH of the 
system.  

Practically 

There are several ways to cause a solution to become supersaturated to induce nucleation 
and growth: 

Evaporation, for systems in which the solubility is not a strong function of temperature 
(Case A, Figure 2.2). 
Cooling, for systems in which solubility increases with temperature (Case B, Figure 2.2). 
Heating, for systems in which solubility decreases with temperature (rare, Case C, Figure 
2.2).
Adding another component in which the solute is insoluble. 
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Using high pressures to precipitate a particular crystal phase that may not be stable at 
ambient pressure. This process is referred to as hydrothermal treatment. 
Reaction-induced supersaturation occurs when a chemical reaction produces an insoluble 
species.

Figure 2.3 shows the relationship between the solubility and supersolubility curves (B type) of 
a precipitated component. The concentration, C0, where the precipitate is first formed as 
nuclei, is greater than the solubility Ceq of the substance at equilibrium. If the concentration of 
the solute is increased (by passing through the points W, X and Y) by the evaporation of an 
unsaturated solution, an initial precipitate of nuclei may not be formed at point X for the 
solubility limit Ceq, nor at point Y, where the concentration is C0, but at some greater 
concentration beyond Y. However, once the point corresponding to a concentration greater 
than Y where nuclei begin to be formed is reached, material is removed from the region 
between points X and Y. Now, few new nuclei will be deposited in the metastable region (C0
to Ceq) and only nuclei originally deposited where the concentration was greater than at point 
Y develop into crystals.

Increasing the concentration of an unsaturated solution by going through the point W, X, and 
Y consecutively at a constant temperature by evaporative removal of the solvent is referred to 
as evaporative crystallisation.

The process of decreasing the solubility by decreasing the temperature of the unsaturated 
solution so that it passes through the point W, X’ and Y’ consecutively at a fixed 
concentration of the solute is referred to as cooling crystallisation.

However, there is another way to approach point X, which is through the metastable point Y 
from point Z, which is in the unstable region. This can be achieved by the chemical reaction 
in Equation 2.5, in the case of the precipitation of yttrium by soda (NaOH) or ammonia water 
(NH4OH). In this case, the initial concentrations Ci of both components just after mixing are 
represented by the point Z, which corresponds to a concentration much higher than C0/Ceq.

A

BC

Temperature, T 

S
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ub
ili

ty
, C

eq

Figure 2.2. Solubility curves for various types of crystallization systems: 
 (A) isothermal solubility, (B) positive temperature coefficient of solubility, 
 (C) negative temperature coefficient of solubility. 
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Figure 2.3. The solubility and supersolubility curves of precipitating component materials. 

2.3.2. Nucleation 

During precipitation new particles are born into the size distribution by nucleation processes. 
The nucleation rate generally has a dominating influence on the particle size distribution. 
There are three main categories of nucleaction: 

1. Primary homogeneous (occurs in the absence of a solid interface) 
2. Primary heterogeneous (occurs in the presence of a solid interface of a foreign seed) 
3. Secondary (occurs in the presence of a solute particle interface) 

The mechanisms governing the various types of primary and secondary nucleation are 
different and result in different kinetics. The relative importance of each type of nucleation 
varies with the precipitation conditions. 

Homogeneous nucleation 

Classical theories of primary nucleation assume that in supersaturated solutions solute 
molecules combine to produce clusters, or “embryos”. In very small quantities of matter such 
as clusters of solute molecules a large fraction of the molecules are at the surface in a state of 
higher potential energy than the interior molecules (i.e., fewer and weaker bonds). This excess 
energy is not compensated by an excess of entropy and consequently the free energy for the 
surface molecules is greater than the free energy for the interior molecules. In a macroscopic 
body, this excess free energy can be expressed by the surface free energy per unit area, . In a 
cluster consisting of a small number (10-100) of molecules or ions, the definitions of surface 
area and surface free energy are rather ambiguous. Nonetheless, the overall free energy per 
cluster, G, of the aggregates is a result of two terms, the free energy due to the new surface 
and the free energy due to the formation of new solid: 

G = -(V/Vm)RT ln(S) + A (2.8)
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where V is the volume and A is the area of the aggregate, Vm is the molar volume of the 
precipitate and is the surface free energy per unit area. 

When the supersaturation, S < 1, G is always positive and cluster formation is non-
spontaneous. When the supersaturation, S > 1, G has a positive maximum at the critical size, 
r*, obtained by setting d G(r)/dr = 0.  For a sphere 

SRT
Vr m

ln
2*  (2.9) 

Clusters larger than the critical size will decrease their free energy by further growth, giving 
stable nuclei that grow to form macroscopic particles. Below the critical size, clusters will 
decrease their free energy by dissolving. This phenomenon is referred to as ripening.  
The activation energy G* of the cluster formation is then 

2
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)ln(3
16*

SRT
VG m  (2.10) 

The nucleation rate for homogeneous nucleation is given by 

kT
GAJ *exp  (2.11) 

where A is a constant that takes into account the supersaturation, the fraction of the nuclei that 
grow over r*, and the attachment frequency of growth unit to nuclei. 

Usually a time delay occurs before the precipitate is formed. This waiting time is called the 
induction time and depends on the supersaturation conditions. 

Heterogeneous nucleation 

Heterogeneous nucleation occurs at impurities interface. The critical supersaturation, and 
activation energy are considerably lower than homogeneous nucleation. In fact, activation 
energies are linked by the f function depending on  the contact angle between growing 
crystal and solid interface 

Ghet* = f Ghom*

where
4

)cos1)(cos2( 2

f  (2.12) 

The f function is inferior to 1, so that the energy necessary to heterogeneous nucleation is 
inferior to the one of homogeneous nucleation.

Secondary nucleation 

Secondary nucleation results from the presence of solute particles in solution. Secondary 
nucleation can be classified into three categories; apparent, true, and contact. Apparent 
nucleation refers to the small fragments washed from the surface of seeds when they are 
introduces into the crystallizer. True secondary nucleation occurs due simply to the presence 
of solute particles in solution. Contact secondary nucleation occurs when a growing particles 
contacts the walls of the container, the stirrer, or other particles, producing new nuclei. 
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2.3.3. Crystal growth 

Kinetics

Growth is the step when the solute present in the supersaturated solution feeds the surface of 
the particles, leading to an increase of the crystal size. Crystal growth can be seen as a 
succession of events: 

Transport of the growth units through the solution 
Adsorption at crystal/solution interface 
Surface diffusion 
Incorporation of the growth unit into the crystal surface 

Growth can be either limited by either the bulk diffusion step or the surface diffusion step. 
Growth rate of individual crystal faces determines the shape of the crystals. Specific 
adsorption of impurities can favour the growth of certain faces only. 

Growth mechanisms 

Different mechanisms that will determine the surface structure of the crystals can occur: 
At high supersaturation ratio, continuous growth takes place. All growth units arriving 
at the surface find a site for incorporation. This usually results in rough surface. 
At moderate supersaturation ratio, surface nucleation occurs. Two dimensional nuclei 
form on the surface. Edges of nuclei provide an attachment point for layer-wise 
growth.
At low supersaturation ratio, emerging screw dislocation continuously produces steps 
and hence kink sites on the surface. 

2.3.4. Ostwald ripening 

Ostwald ripening referred to the dissolution of fine particles and their reprecipitation on larger 
ones. This occurs in batch precipitation systems because the supersaturation ratio S decreases 
with time as the batch precipitation proceeds. Ostwald ripening is driven by the curvature 
difference between the particles and thus thermodynamically by the difference in chemical 
potential. Using Kelvin equation and relating chemical potential to concentration: 

r
V

C
CRT m2ln 0

0

  (2.13) 

Thus, it is possible to define the critical supersaturation S* for the critical particle size r* for 
dissolution: 

rRT
VS m2*  (2.14) 

When S-S(r*) is positive, particles will precipitate from solution. When S-S(r*) is negative, 
particles smaller than r* will dissolve and particles larger than size r* will grow. Initially, at 
high supersaturation, nucleation produces large numbers of fine particles. This decreases the 
supersaturation, preventing further nucleation and leading to slow growth, which further 
decreases the supersaturation ratio. When the saturation ratio falls below the critical value, r*,
for the fine particles previously precipitated, they will dissolve, holding the supersaturation 
ratio constant. At this constant supersaturation ratio, only particles larger than r* will grow or 
ripen at the expense of all smaller particles present in the suspension. Ostwald ripening is 
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classically defined by two mass transfers: one for the dissolution and an other one for matter 
inclusion at the biggest particles interface.  

2.3.5. The different precipitation techniques 

There are different ways to carry out a precipitation practically. The first distinction that can 
be made is if a batch or continuous reactor is used. Since continuous conditions require 
expensive equipment for the inlet of the reactants and the outlet of the precipitated, we chose 
to carry out our experiments in batch conditions. Nevertheless, supersaturation can easier be 
controlled in continuous conditions, because the quantity of reactants present in the reactor 
does not vary with time. 

In a batch reactor various type of precipitation can be distinguished in function of the way that 
the precipitant is added, namely: (1) direct strike precipitation (2) reverse strike precipitation 
(3) constant pH precipitation and (4) homogeneous precipitation. 

Direct/reverse strike precipitation 

Direct strike precipitation involves the addition of the precipitating agent to the solution of 
soluble metal salts. When the soluble salts are added to a solution containing the precipitating 
agent, the procedure is referred to as a reverse strike process. 

Direct strike precipitation involves the following steps: 

Dissolution of the soluble salts (nitrates, sulphates, chlorides, peroxides,…) in water 
Addition of the precipitating agent (ammonium hydroxide, ammonium hydrogen 
carbonate…) to maintain a certain pH 
Aging
Filtering of the precipitate from suspension 
Washing in order to remove the soluble species as well as the salts that co-precipitate 
Removal of the solvent (dewatering) 

Constant pH precipitation 

In constant pH precipitation, pH is measured with a pHmeter and is controlled by mixing the 
solutions containing the reactants at a set flow rate using pumps. In this manner, pH and 
supersaturation are better controlled.

Precipitation from homogeneous solution 

Precise control of physical powder characteristics requires uniform supersaturation in 
solution. When this is achieved, nucleation precedes growth and aging, and these processes 
occur uniformly throughout the reaction medium. Controlled precipitation is best 
accomplished using a precipitation from homogeneous solution technique. This approach 
utilizes chemical reactions whose kinetics somehow rate limit the release of supersaturating 
species. The most common homogeneous precipitation technique is the slow hydrolysis of 
dissolved urea, (NH2)2CO, at temperatures above 80°C, as shown in the reaction 

23222 2)( CONHOHCONH  (2.15) 
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The slow release of the precipitating agents, NH3 and CO2, everywhere in the solution enables 
controlled supersaturation levels. By this method, Sordelet and Akinc18 synthesized 
amorphous monodisperse spherical particles of yttrium hydroxycarbonate, which could be 
easily calcined into yttria. However, Aiken et al.20 showed that the particles obtained by this 
method exhibit a substructure of smaller units, unless synthesized under hydrothermal 
conditions35. This substructure might lead to intraporosity inside the particles during 
calcination or differential sintering. Moreover, the nature of the precursor is amorphous 
hydroxycarbonate, Y(OH)CO3, and spherical particles containing hydroxides tend to form 
hard agglomerates during dewatering, as discussed later. For these reasons, we chose not to 
try homogeneous precipitation by urea. 

2.3.6. Co-precipitation 

In co-precipitation, a solution containing different soluble salts of the metals to be precipitated 
is mixed with a precipitating agent. The benefit of co-precipitation process is often claimed to 
produce atomic mixing in the resulting ceramic powders. However, two possibilities might 
happen:
(1)  Precipitation of a mixed metal precursor crystal (i.e., a double or triple salt) with a 

specific stoichiometric ratio of the metals takes place. This is called true co-precipitation. 
(2)  Individual particles of the different metal salts might precipitate separately and therefore 

segregate. If the particles are colloidally unstable, they can hetero-coagulate together into 
a mixed aggregate particle. This is called simultaneous precipitation and coaggregation.

What possibly takes place depends on the thermodynamics of the solution. 

True co-precipitation 

With true co-precipitation only one equilibrium is responsible for the formation of a solid 
phase with only one solubility product. The use of mixed metal alkoxides can be considered 
to result into a product with atomic mixing. Mixed metal alkoxides can be hydrolyzed to give 
a mixed metal hydroxide, either by producing a mixed metal hydroxide that is insoluble or by 
further reacting via condensation polymerisation to form the mixed metal oxide. 

Simultaneous precipitation and co-aggregation 

The other precipitation possibility is the simultaneous precipitation of two insoluble species 
controlled by two separate precipitation reactions. In this case, the quality of mixing is not at 
the atomic level. The scale of chemical segregation depends on the relative rate of nucleation, 
growth, and aggregation in precipitation. If nucleation and atomistic growth of two 
compounds take place separately, then either homo-aggregation or hetero-aggregation can 
occur. With homo-aggregation, chemical segregation is achieved on the aggregate size scale 
(Fig. 2.4 (a)). With hetero-aggregation, chemical segregation is achieved on the individual 
size scale (Fig. 2.4 (b)). 

To decrease the size of the chemical segregation, the individual particles must be the smallest 
possible. This can be done by using precipitation conditions of high supersaturation, above the 
critical value for homogeneous nucleation. To promote hetero-aggregation in preference to 
homo-aggregation the system must be completely colloidally unstable. 
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2.3.7. Common defects with precipitation 

Complex formation 

Formation of a complex with the cation to be precipitated may result in a lower solubility, but 
it may even cause some inhibition of full precipitation. 

The common ion effect 

The common ion effect arises when a solution contains an ion that is also contained in the 
solid product to be precipitated. Then, the solubility of the solid will be less than that when 
the solid dissolve in water. If different salts of different cations to be precipitated are 
introduced in solution and an anion renders one of the cation insoluble, it can cause solution 
homogeneity problems in multi-component solutions. Differential solubilities of the various 
precipitating phases affect the precipitation kinetics of each component, causing the 
stoichiometry of the precipitate to vary with reaction time. 

Difference in solubility 

Different metal cations do not precipitate in the same pH ranges. When two components are 
to be co-precipitated with a particular bulk stoichiometric ratio, it is therefore necessary to 
note the different solubility of the two salts and compensate for the extra solubility of one of 
the salts with a higher initial concentration. 

As rare-earth elements, yttrium and ytterbium exhibit the same trends in chemical behaviour, 
which usually depends on the ion size and follows the lanthanide contraction law. Hence, both 
elements have close solubility. Their total solubility for a ionic strength of 3.5 and solubility 
from the solubility product Ksp extrapolated to zero ionic strength are plotted in Figure 2.5. 
The solubility constants were found in “The Hydrolysis of Cations”36. They were smoothed 
according to the contraction law, which was found to be followed by the most reliable values 

Homo-aggregation 

Hetero-aggregation 

Nucleation+Growth 

(a)

(b)

Figure 2.4. Segregation of two insoluble products during simultaneous precipitation and 
co-aggregation. 
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found in the literature and reported for aged solids37. Calculation and constructions of the 
curves in Fig. 2.5 are reported in Appendix 1. 

Since they show close values, both yttrium and yttrium should be in principle easy to co-
precipitate at a good mixing scale. 

Incorporation of impurities 

Other undesirable effects such as co-precipitated anion impurities (e.g., nitrates, chloride and 
sulphates) are common with direct strike precipitation. These impurities can be incorporated 
into the particles as lattice defects or can adsorb onto powder surfaces. In addition, soluble 
species in solution can become occluded within agglomerates of particles. While such 
impurities are difficult to remove with a washing process, failure to remove these ions may 
affect later states of ceramics processing such as sintering or resultant properties of the 
ceramic material. 

The calcination step 

In most liquid phase approaches (including all of the cases described above), the precipitation 
product must be calcined to form the oxide and thus is subjected to the same types of 
problems inherent in conventional processing. Reduced particle size and greater homogeneity 
accelerate the reaction kinetics, as mentioned earlier, and resultantly lower calcination 
temperatures are observed. However, the precipitate also becomes a great deal more 
aggregated. Usually, a milling step is required, allowing impurities to be introduced into the 
powder.

2.4. Calcination 

Calcination is common for the production of oxides from salts, such as carbonates, 
hydroxydes, sulphates, nitrates, acetates, oxalates, citrates, and so forth. 

Figure 2.5.  Total solubility curves of: (a) yttrium; (b) ytterbium, assuming an ionic strength of 3.5. 
 Solubility from Ksp values of : (c) yttrium; (d) ytterbium for diluted solution. 
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Kinetics

Depending on the particular conditions of time, temperature, ambient pressure, relative 
humidity, particle size, and so on, the process may be controlled by a surface reaction, gas 
diffusion to the reacting surface, or by heat transfer to or from the reacting surface. 

Mechanisms

Reaction paths for the thermal decomposition of the rare-earth salts in this work are not 
known yet very accurately. However, apart from organic precursors, decomposition of 
inorganic salts usually follow the same sequence. The following steps are typical examples of 
processes for producing a solid metal oxide B and vapour C by thermal decomposition of a 
solid inorganic salt A: 

)()()( vapourCsolidBsolidA
T

(2.16)
The thermal decomposition of solid A usually progresses through several stages rather than by 
a simple reaction. These steps may be thought of as: 

1. The release of vapour C from the crystal lattice of solid A when the increase in 
temperature causes the vapour pressure of C to rise above 1 atm. 

2. The formation of nuclei of B as a new solid phase in the skeletonized lattice of solid 
A, the available spaces being made by the loss of vapour C. 

3. The shrinking of the skeletonized lattice of solid A and development of solid B nuclei. 
4. The disappearance of solid A and the further development of nuclei of B to form 

larger crystals of B. 

Particles of B formed through the steps (2) and (3) are produced as submicrometre ultra-fine 
particles, an order of size impossible to produce by the usually grinding methods. When A is 
converted into B by thermal decomposition, it is frequently found that the crystalline 
orientations of the reactant and product are related. Each ion of crystal A will move the 
shortest distance corresponding to the lowest energy required to form the new arrangement of 
ions in crystal B.

2.5. Agglomeration 

An agglomerate, i.e. a secondary particle, is defined as a small assemblage of primary 
particles, forming a network of interconnective pores. When this assemblage is suspended in a 
liquid, it is called a floc and the phenomenon, flocculation. 

Soft/hard agglomerates 

When agglomerates of particles are formed due to weak attractive forces, they are called soft 
agglomerates, which can be broken down to primary particles or at least much smaller 
agglomerates by light mechanical forces or ultrasonication. When agglomerates are formed 
through solid bridges between particles, they are called hard agglomerates. Hard agglomerates 
are especially undesirable in powders for fabrication of ceramics as they do not disintegrate 
into primary particles by simple means. 
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2.5.1. Agglomeration in the dry state 

In the dry state, the gravitional force competes with adhesion forces on particles. If adhesion 
forces, e.g. Van der Walls forces, can be neglected, then all the particles can be thought to roll 
down to the kinetically most stable positions independently of particle size, as shown in Fig. 
2.6 (a). On the other hand, with decreasing size and weight, most of the particles remain fixed 
in the positions in which they first made contact with each other, owing to the interactions 
between them. This results in a bulky packing structure, as shown in Fig. 2.6 (b). Hence, there 
is a critical size, Dc, at which the cohesive and gravitational forces acting on a particle are in 
balance.

Typical Dc values usually are situated between 15 and 35 μm for ceramic materials. 
Therefore, adhesion forces, such as Van der Walls or micro-frictional forces, dominate when 
dealing with nano-particles.

2.5.2 Agglomeration in the wet state 

In the wet state, Van der Walls forces attract also the particles with each other. However, 
since oxide particles in a liquid possess charged surfaces, counter-ions from the aqueous 
solution are attracted towards the surface. This results in the formation of the so-called double 
layer. So when two particles in a solution come close due to random movements, the double 
layers first overlap. As the double layers of the two particles exhibit the same charge, 
electrostatic repulsion takes place. However, the thickness of the double layer, i.e. the quality 
of the repulsion forces, depends on various parameters, such as pH and ionic strength. 

For a colloid dispersion to be stable for a significantly long time period, the repulsion forces 
must largely exceed the forces of attraction, it means that the double layer has to be as thick as 
possible. As illustrated in Figure 2.7, a colloid dispersion that is stable will enable the 
particles to slowly settle down and build a dense layer (a), while an unstable dispersion will 
produce a bulky flocculated network due to the agglomeration of the particles at first contact 
with each other (b). 

D > Dc D < Dc

Figure 2.6. Packing model of particle in the dry state.

Cloudy Clear

Figure 2.7. Schematic of the settling of (a) collodial stable 
and (b) flocculated suspensions. 

(a) (b) 
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Flocculation is usually considered as negative when high packing densities are desired in the 
case of wet forming methods. However, when precipitated particles are recovered from 
solution by suction filtration or centrifugation, good colloidal stability leads to the formation 
of a dense layer, in which hard agglomerates might form during dewatering.   

2.5.3. Agglomeration during solvent removal (dewatering) 

Liquid bridges between particles are formed when they undergo drying after synthesis from 
an aqueous solution. The residual liquid at the contact region of the pair of particles exerts a 
capillary pressure, leading to an attractive force between the two particles. When two particles 
are in close proximity, the thin space between them acts as a capillary, in which a vapour may 
condense. When the condensed product, i.e. the corresponding liquid can “wet” the given 
solid surface38, a liquid bridge is formed. The critical gap between the two particles, required 
for the bridge to form, is given by rK, the Kelvin radius: 

)/ln( S
K ppRT

Vr  (2.17) 

where   is the surface tension, V the molar volume, R  the gas constant and p/pS the relative 
vapour pressure of the liquid phase. 
When, p/pS < 1, rK < 0, so a concave meniscus (negative curvature) is expected. This gives 
rise to a negative Laplace pressure: 

KrP /  (2.18) 
The attractive force due to aqueous bridges can be of about the same order of magnitude as 
the van der Walls force (though several times stronger) acting on submicron particles39.
Capillary forces are responsible for substantial rearrangement of fine particles during drying. 

Solid bridges may be subsequently formed in two different ways: 
When the liquid bridges formed from salt solutions are dried to the stage of 
precipitation of the dissolved salt, crystals precipitate at the neck region between two 
particles very close to each other. 
When the synthesized particles undergo calcination at elevated temperatures which 
leads to the transport of material at the neck region between two particles in contact, 
as during the initial stage of sintering. 

It has been demonstrated that the formation of high-strength agglomerates can be avoided 
when the water between the precursor particles is replaced by a solvent with lower surface 
tension, e.g. alcohol. Ikegami40 found that the dispersing effect on Y(OH)3 wet precipitates 
increases with the carbon-chain length of the alcohol. 

2.5.4. Hydroxide gels 

One main disadvantage of hydroxide precipitation is the formation of a gel and subsequently 
hard agglomeration of the fine nano-particles during drying. The formation of hard aggregates 
is mainly due to (1) the bridging of adjacent particles with water by hydrogen bond and the 
subsequent capillary force during drying41. Further drying can even lead to (2) condensation 
reactions42 between surface hydroxyl groups binding together and releasing a water molecule 
as follows: 
M–OH + HO–M  M–O–M + H2O  (2.19) 
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A third identified cause is (3) the dissolution-reprecipitation effect43. It consists in the 
dissolution of material from the particle surfaces (positive curvature) into the left solvent 
leading to solid bridging when these matters reprecipitate between particles (negative 
curvature) due to supersaturation increase when solvent evaporates. This phenomenon is 
commonly increased with slow drying speed. 

As an example, a gel of yttrium hydroxynitrate particles was obtained by recovering them by 
filtration. The particles were prepared by adding rapidly (25 ml/s) a 2M ammonia water 
solution (50 ml) to a 0.25 mol/l mother solution of yttrium nitrate (100 ml). The resultant 
precipitate was aged for 3 hours at 10°C. After drying at 110°C, the cake was crushed. It was 
extremely hard to break, producing hard lumps made of closely packed nano-particles as 
shown in Fig. 2.7 (a). The particles are so close together that they can sinter together during 
subsequent calcination to produce the oxide, Fig. 2.7 (b).  

2.6. Current trends to produce non-agglomerated yttria powder 

2.6.1. Sulphate ions as a coagulant, spacer and sintering additive 

Because of its bivalence, sulphate is an effective coagulant. When added to hydroxide 
particles, it acts as a spacer and limits the contacts between particles. Since it decomposes at 
rather high temperature (~900°C), its action lasts long. In fact, it retards densification, as 
further explained in Part 2.7.2. Moreover, the presence of sulphur traces at high temperature 
was found by Greskovich and Wodds44 to be responsible for the formation of a liquid phase. 
Thus, sulphate doping is strongly suspected to be the key feature for the successful production 
of transparent ceramics by Japanese researchers during the last decade45,16,17,46.

2.6.2. Precursors with transient morphology 

Recently, a new concept was introduced to avoid the inherent hard agglomeration of 
hydroxide nano-particles precipitated in aqueous solution and subsequently dewatered. The 
idea is to synthesize platelets16, nano-rods17, or foams30 that decompose upon heating into 
rounded, non-agglomerated particles. Due to their shape and size, the precursor particles are 
greatly more washable than gels and usually prevent agglomeration problems because of 
limited contacts between each particle. As the precursor morphology is not retained after 

Figure 2.7. Typical SEM pictures showing (a) closely-packed nano-particles of yttrium hydroxynitrate 
in a hard lump after drying at 110°C, (b) heavily sintered yttrium oxide particles in the background 
after calcination of (a). 

(a) (b) 
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calcination, this method should be in principle insensitive to the method that is used for 
solvent removal.  

2.6.3. Granular carbonate precursors 

Carbonate precursors are more suitable than hydroxide precursors when chemically 
synthesised in the liquid phase. As a matter of fact, carbonate salts form non-jelly granular 
precipitates, since carbonate groups have less ability for hydrogen bonds with water. Thus, 
carbonate precipitates are more easily filtered. 

2.7. Parameter selection 

2.7.1. Rules of thumb to obtain crystalline or amorphous precipitates 

Some rules of thumb to obtain crystalline or amorphous precipitates are given in Table 2.1. 

Table 2.1. Rules of thumb to obtain crystalline or amorphous precipitates 
Crystalline precipitates 
Low supersaturation level 

Amorphous precipitates 
High supersaturation level 

Normal-strike precipitation Reverse-strike precipitation 
Dilute solutions Highly concentrated solutions 
Ensure a minimum precipitation rate Solutions must be poured at a rather high rate 
Stir the mixed solutions No stirring 
Use hot solutions to increase the solubility of 
fine crystals 

Short aging 

Long aging  

Precipitation from concentrated solutions occurs under considerable supersaturation, which 
promotes the appearance of a large number of nuclei. This is accompanied by a restriction or 
even cessation of the growth of the primary particles. The primary particles made in such 
conditions are either amorphous particles or crystals with an imperfect structure. 

Coarse crystalline precipitates consist of single crystals of a regular shape and intergrown 
crystals; the intergrowths are quite large and in most cases they have high strength. Lukin47

suggested using dilute solutions at room temperature or even lower temperatures to restrict 
aggregation of the precursor, since these conditions limit the growth of the crystals and their 
aggregation by decreasing solubility. Moreover, crystalline particles have usually greater 
purity than amorphous48 ones, as they do not integrate foreign elements in them while they 
form in an ordered manner. 

2.7.2. Selection of the reactants 

Rare-earth soluble salts 

Rare-earth nitrates were preferred to chlorides or sulphates, because nitrates decompose at 
lower temperatures than the other types of counter-anions. The choice is decisive, since 
counter-ions influence crystal growth of the precipitated particles18. Moreover, chlorides and 
sulphates ions have been shown to influence sintering of different oxides49,50. Saito49 reported 
that chlorine mixed with yttria and remaining in the form of YClO at high temperatures 
(~1200°C), either enhances coarsening material transport mechanisms such as surface 
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diffusion and/or evaporation-condensation, or inhibits densification material transport 
mechanisms such as volume diffusion and/or grain-boundary diffusion. Because sulphate 
decomposes at temperatures > 900°C, the same effect was observed by Ikegami50 when 
doping yttria powder with sulphate. It is worthwhile to notice here that these phenomena can 
be considered as advantages during calcination, since hard agglomerates must be minimised, 
but they can also be seen as drawbacks for sintering, when a maximum densification has to be 
favoured over coarsening, unless grain-growth is not of a big concern for the final properties 
of the ceramic. 

Hydroxide precipitant 

Ammonia water (NH4OH) was chosen as the precipitant instead of soda (NaOH), although 
this former is a weak base and unable to precipitate Y3+ ions into Y(OH)3, but rather 
hydroxynitrate with general formula Y2(OH)6-x(NO3)x·yH2O and 0 < x < 151. Nevertheless, 
ammonium cations are preferable to sodium cations, since they decompose at lower 
temperatures, while sodium ions oxidise and remain in the calcined powder. As they are 
monovalent, remaining sodium ions might influence sintering in an uncontrolled way. 

Carbonate precipitant 

The same argument goes for the selection of ammonium hydrogen carbonate, NH4HCO3,
instead of sodium hydrogen carbonate, NaHCO3. Ammonium hydrogen carbonate, 
NH4HCO3, was preferred to ammonium bicarbonate, NH4(CO3)2, because larger amounts of 
NH4

+ dissolved in solution lead to NH4
+ complexation and increase solubility of rare-earth 

carbonates52. Hence, complete precipitation is not achieved and ammonium double carbonates 
rather form53.

Composition of the precursor depends on the supporting anions present and the solubilities of 
metal cations in solution. The following equilibria are expected in the precipitant solution: 
H2O  H+ + OH- (2.20)
(NH4)HCO3  NH4

+ + H+ + CO3
2-  (2.21)

NH4
+ + OH-  NH4OH (2.22) 

NH4OH  H2O + NH3(g)  (2.23) 
H+ + CO3

2-  HCO3
- (2.24)

H+ + HCO3
-  H2CO3 (2.25)

H2CO3  H2O + CO2(g) (2.26) 

On the other hand, rare-earth cations are known to undergo weak hydration and slight 
hydrolysis in water to form complex species54

RE(H2O)n
3+ + H2O  [RE(OH)(H2O)n-1]2+ + H3O+

where n is the coordination number of RE3+ cations. The equilibrium shifts rightward with 
increasing atomic number of lanthanide elements, as would be expected from the contraction 
in ionic radii. It should be noted that yttrium does not belong to lanthanides, but Y3+ cations 
observe the “lanthanide contraction law” and exhibit chemical properties close to those of 
Ho3+. During precipitation, the complexes are reacted with carbonate anions and other 
supporting ionic species generated through Eqs 2.20-2.26 to form precipitates, and the final 
composition should ensure that Y3+ and Yb3+ cations have the lowest solubilities in solution 
under the present precipitation conditions. 
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2.7.3. Concentration of the reactants

Low solution concentration will lead to the desired low degree of agglomeration, but also a 
low yield, making the process economically unsuitable. On the other hand, higher 
concentrations often lead to high yields, but also to uncontrolled agglomeration. Hence, it is 
preferable to use moderate concentrations.  

2.8. Experimental set-up 

2.8.1. Precipitation 

Precipitation runs were carried out using the experimental set-up shown in Figure 2.8. Boiling 
and filtration of the starting solutions were not performed beforehand. 

2.8.2. Measurements of tap density

Comparison of tap density (g/ml) or tap bulkiness (ml/g) was found to be useful for assessing 
the reproducibility of the synthesis method or for comparison when different drying methods 
were used.

A certain mass of powder was introduced into a plastic test tube, which was dropped hundred 
times from a constant height. The bulkiness or tap density of the powder could be then 
calculated from the final volume that the powder took in the tube and knowing the introduced 
amount. The reproducibility of tap density measurements was found to be very acceptable; a 
standard deviation of 1.7% was calculated on a series of measurements. 
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11. Magnet 
12. Magnetic stirrer/hot plate 
13. Beaker containing the mother solution 

Figure 2.8. Experimental set-up used for precipitation runs.
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2.8.3. Filtration 

All precipitates were recovered by suction filtration on a quantitative filter paper with a 
porosity of 1 μm (Munktell 00H). In order to reduce by-products of the reaction to a 
minimum level in the precipitate, dispersion in ion-exchanged water and filtration were 
repeated four times. The last filtration was carried out until the cake cracked in order to 
remove as much water as possible. 

During the successive filtrations, the bulkiness of the dried powder was found to increase 
during the two first filtrations, reach a maximum after the third filtration, and decrease during 
the two last filtrations. This is illustrated in Figure 2.9. These two trends were attributed first 
to the removal of the ionic species reducing coagulation and then compact packing of the 
particles because of improved dispersion. The reduction of the bulkiness because of improved 
dispersion was also observed when ultrasonification was used to redisperse the filtrated cakes. 
This is shown in Figure 2.10. 
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Figure 2.9. Effect of successive washing on tap bulkiness of the powder during suction filtration.
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2.8.4. Azeotropic distillation

Azeotropic distillation was performed both in ethanol and iso-butanol. The experimental ste-
up is shown in Figure 2.11. In both cases, the powder was dispersed in 200 ml of the solvent. 
The removal of water occurred at the boiling point of the azeotrope (the mixture of the 
organic solvent and water) and was considered to be over when the vapour temperature 
reached the boiling point of the organic solvent. However, distillation was carried on until 
most of the solvent had been distilled off. 

2.8.5. Freeze-drying 

When freeze-drying was used, cakes of the precipitate were redispersed in water by 
ultrasonification. The suspensions were then frozen as dispersed in glass containers that could 
be fitted to an automatic freeze-dryer, which was employed for subsequent removal of water. 

2.8.6. Calcination 

Calcination was performed in a tube-furnace equipped with flanges for tight connections.  A 
regulated flow of oxygen (~100ml/min) was established. However, the fact that the flanges 
are water-cooled leads to the condensation of calcination gas products, which can then flow 
back into the furnace. This is thought as to have caused pollution of the ceramic powder to an 
unacceptable degree after that several runs had been performed in the same tube. Running 
without water cooling gives rise to the formation of a solid into the exhaust flange. This solid 
is easily dissolved in water and the resulting solution is very corrosive and smells nitric acid.  

Magnetic
Stirrer

Thermal
Block

Condenser

Thermometer 

Figure 2.11. Schematic graph of the azeotropic 
distillation apparatus. 
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Appendix 1: Determination of the concentration of the hydrolysis 
products for Y3+ and Yb3+

The formation quotient for the hydrolysis product 
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All quotients were calculated from equilibrium constants using the following relation 

bI
I

aIKQ xyxy 2/1

2/1

1
loglog  (A1.7) 

where a and b are two constants taking into account the interaction of ionic activities and I is 
the ionic strength (taken as 3.5). 
The Kxy, a and b values were taken from “The hydrolysis of cations” by C.F. Baes and R.E. 
Mesmer and edited by John Wiley & Sons, Inc., New-York (1976) (see Table A1.1). These 
constants were determined in perchlorate solutions. 

Table A1.1. Kxy, a and b values for Y and Yb. 

 MOH2+ M(OH)2
+ M(OH)3(aq) M(OH)4

- M2(OH)2
4+ M3(OH)5

4+ M(OH)3(c) 
Element M log Kxy log Ks10
Y -7.7 -16.4 -26.0 -36.5 -14.23 -31.6 17.5 
Yb -7.7 -15.8 -24.1 -32.7   14.7 

a
 -2.044 -3.066 -3.066 -2.044 0 -3.066 3.066 
Medium b
mClO4 = 0.1 1.2 1.7 1.7 0.8 0 0 0 
mClO4 = 1 0.30 0.51 0.47 0.14 0 0 0 
mClO4 = 3.5 -0.03 0.06 0 -0.29 0 0 0 

All corresponding quotients for Y and Yb are given in Table A1.2. 



40

Table A1.2. Qxy values for Y and Yb for I = 3.5. 
 MOH2+ M(OH)2

+ M(OH)3(aq) M(OH)4
- M2(OH)2

4+ M3(OH)5
4+ M(OH)3(c) 

Element M log Qxy log Qs10
Y -9.1 -18.2 -28.0 -38.8 -14.2 -33.6 19.5 
Yb -9.1 -17.6 -26.1 -35.0 - - 16.7 

Qxy can be expressed as a function of QS10 as follows 
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Thus, the concentration of hydrolysis products can be expressed as a function of pH
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The values of A and B are given in Table A1.3. 

Table A1.3. AY, AYb and B values. 
MOH2+ M(OH)2

+ M(OH)3(aq) M(OH)4
- M2(OH)2

4+ M3(OH)5
4+ M3+

AY 10.4 1.3 -8.5 -19.3 24.8 24.9 19.5
AYb 7.6 -0.9 -9.4 -18.3 - - 16.7
B -2 -1 0 1 -4 -4 -3

Note: Q10 = 1 

The total solubility of yttrium and ytterbium is plotted in Figure A1.1 and Figure A1.2., 
respectively. 

The solubility product Ksp for the dissolution of M(OH)3

OHMsOHM 3)()( 3
3  (A1.12) 

can be expressed as
33 ]][[ OHMK sp  (A1.13) 

and as a function of KS10 as follows 
3

210 OHSsp KKK  (A1.14) 
where KH2O is the dissociation constant of water. 
Thus

OHSsp KKK 210 log3loglog  (A1.15) 
For Y(OH)3: spKlog = -24.5 
For Yb(OH)3: spKlog = -27.3 
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Figure A1.1. Contribution of various species to the solubility 
of yttrium assuming an ionic strength of 3.5. 
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Figure A1.2. Contribution of various species to the solubility 
of ytterbium assuming an ionic strength of 3.5. 
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CHAPTER 3. SINTERING 

3.1. Overview and challenges 

To produce transparent polycrystalline ceramics from a particulate solid, green compacts must 
be fully densified by sintering, since remaining individual pores act as scattering centres. The 
achievement of pore-free and light transmitting ceramic is nothing impossible, since it has 
been shown by Coble in the early 60’s that alumina could be made translucent when sintered 
in proper conditions1. In the following decades, a number of ceramic materials were also 
successfully sintered to transparency and Y2O3 is one of them. As shown later, all methods 
leading to transparent yttria are based on mechanisms that promote densification.  

The densification of a powder compact by material transport through diffusion is normally 
accompanied by a coarsening of the microstructure: the average size of the grains and the 
average size of the pores become larger. However, large grains are usually considered as 
detrimental for the final properties of ceramic materials. An advantage with optical 
applications is that grain size is not limited, since the mechanical properties of the final 
material are of relative importance. 

In ceramics, grain growth is divided into two main types: (i) normal grain growth and (ii) 
abnormal grain growth, which is sometimes referred to as exaggerated grain growth or 
discontinuous grain growth. In normal grain growth, grain sizes and shapes fall within a fairly 
narrow range and, except for a magnification factor; the grain size distribution at a later time 
is similar to that at an earlier time. Abnormal grain growth is characterised by the rapid 
growth of a few larger grains at the expense of the smaller ones. Moreover, for a densifying 
body, the interactions of the pores with the grains must be also taken into account. In addition, 
normal grain growth is characterised by the pores remaining in the grain boundaries. When 
the boundaries break away from the pores, leaving them inside the grains, the situation is 
usually indicative of abnormal grain growth. Typical examples of normal and abnormal grain 
growths encountered by sintering yttria ceramics, are shown in Figure 3.2. 

When abnormal grain growth occurs, the pores become trapped inside the grains and become 
difficult or almost impossible to remove. In fact, depending on whether pore removal takes 
place by lattice or grain boundary diffusion, the transport paths become large in the first case 
or are even eliminated if densification is controlled by the second mechanism. Therefore, if 
full density has to be achieved, porosity must always be kept as intergranular. This concept is 
illustrated in Figure 3.1. 

Figure 3.1. (a) Densification mechanisms for porosity attached to a grain boundary. The arrows 
indicate paths for atomic diffusion. (b) Densification mechanisms for porosity separated from a 
grain boundary. The solid arrows indicate paths for atomic diffusion, and the dashed arrows 
indicate the direction of boundary migration. 

(a) (b) 
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3.2. State-of-the-art of making transparent Y2O3 ceramics 

Conventionally, transparent yttria ceramics have been synthesized by hot pressing or by 
pressureless sintering in a reducing atmosphere, both methods being usually combined with 
different additives. 

(a) (b) 

(c) (d) 

(e) (f) 

Figure 3.2.  Examples of normal and abnormal grain growths in:  
(a) A dense yttria ceramic (optical microscopy). There is a normal grain size distribution in 
most of the body (b), whereas abnormal grain growth initiates on the right (c)  
(d) A porous yttria ceramic (scanning electron microscopy). In the fine-grained array to the 
left, the pores lie almost exclusively on the grain boundaries and can be removed relatively 
easily (e). The pores trapped inside the large grain to the left are difficult to be removed (f). 
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Pressure-assisted sintering 

Brissette et al. were the first to obtain transparent Y2O3 by thermomechanically deforming 
cold pressed powder compacts in 19662. The compacts were pressed without die between two 
refractory plungers, but neither pressure nor temperature conditions were given in their report. 
Grains were found to be elongated perpendicular to the pressing direction.

In 1967, Levefer and Matsko3 produced transparent discs of Y2O3 by hot pressing under 
vacuum (~6.10-2 mbar) at 950°C and 69-83 MPa for 48 h. Addition of LiF was required to 
achieve full transparency. Commercial Y2O3 powder was cold pressed into pellets and then 
placed in the hot pressing assembly that consists of a mullite die and zirconia punches. No LiF 
could be detected in the final samples. The role of LiF was investigated by Majima et al.4

thirty years later in 1994. They found that LiF formed a thin liquid film, which could be 
subsequently removed by the vacuum conditions and stepwise pressing. 

In 1969, Dutta and Gazza5 obtained transparent Y2O3 ceramics by hot pressing at ~1500°C 
and under 40MPa, but without any additives. 

Pressureless sintering 

After having successfully sintered alumina to transparency by small addition of magnesia1,
intensive efforts were carried out at the research and development centre of General Electric 
Company in order to find a dopant that would give similar effect with yttria. In 1966, it was 
that 2 to 15 mol% ThO2, ZrO2 or HfO2 could dissolve in the C-type, rare earth Y2O3 structure 
and permit high optical transparency in sintered compacts via grain growth inhibition, 
probably because of solute drag (segregation mechanism)6,7. Originally, commercially-
available yttria powder was used and alloyed with thorium nitrate. The powders were then 
calcined and cold isostaticaly pressed. The powder compacts were finally sintered in 
hydrogen atmosphere at temperatures around 2000°C. The obtained transparent material was 
commercialised as Yttralox , referring to the trade-mark of translucent alumina, Lucalox .

The quality of this material was further improved by Greskovich and Woods in 19728. The 
method was based on the co-precipitation of yttrium and thorium nitrate salts in oxalic acid. 
The precipitated oxalates were then calcined to produce oxides. It resulted in finer and purer 
powders in comparison with those employed by Jorgensen and Anderson. However, a dry 
milling step performed after calcination in rubber-lined pot caused sulphur pollution. The 
presence of sulphur was shown to be responsible for the formation of a liquid phase, which 
probably helped densification when sintered at 2170°C. 

In 1973, Greskovich and Chernoch9,10 doped the resulting material with neodymium in order 
to produce lasers. However, the flashlamp-pumped lasing thresholds and slope efficiencies 
were approximately the same level as that of commercially Nd-doped glass laser at that time. 

In 1976, Tsukuda and Muta11 managed to produce transparent Y2O3 ceramics by pressureless 
sintering and without additives but at very high temperature (2270°C). 

In 1981, Rhodes sintered Y2O3 to full transparency with additions of 8 to 12 mol% La2O3
12.

In that case, deviation from stoichiometry was minimised by substituting La3+ for Y3+ in solid 
solution instead of Th4+. Furthermore, the sintering cycle for the compositions of La2O3-Y2O3
involved the presence of a transient solid second phase to retard grain growth so that pore 
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removal could continue when left at grain boundary. Once the porosity was reduced to a low 
level ( 0.1%), the temperature was changed such that the solid second phase dissolved into a 
single-phase, cubic solid solution. 

In 1986, Rhodes et al. reported on the fabrication of translucent Y2O3 with addition of 
alumina13. Since the eutectic temperature between the compounds Y4Al2O9 and Y2O3 is about 
1920°C, liquid phase sintering could be performed when the material was heated above this 
temperature. Hence, densification was promoted. 

The same year, Greskovich and O’Clair14 prepared successfully transparent Y2O3 with small 
amounts of SrO (0.075 to 0.6 at.%) in solid solution. The achievement of transparency was 
attributed to the creation of point defects, especially oxygen vacancies, which helped to 
accelerate pore removal during the sintering process. The starting powder was prepared by 
oxalate co-precipitation and calcination. The oxide powder was then formed into green-
compacts by die-pressing and cold isostatic pressing. Finally, the green compacts were 
sintered at a hold temperature of 2000°C for 2h in wet H2 (PO2~10-5 Pa). 

In 1988, Toda and Matsuyama15 reported that transparent Y2O3 could be obtained by 
pressureless sintering using BeO as sintering additives. The addition of BeO was responsible 
for the formation of a liquid phase with Y2O3. Because of the high temperatures employed in 
this method (~2200°C), the liquid phase could be partially removed by evaporation. 

In the late 90’s, Ikegami et al. developed two powder synthesises based on hydroxide16 and 
carbonate17 precursors leading to transparent Y2O3 ceramics after vacuum sintering at 1700°C 
and 1600°C, respectively. Although it was first claimed that sintering occurred without the 
influence of additives, Ikegami showed later that the addition of sulphate carried out during 
synthesis or washing inhibited volume and/or grain boundary diffusion during calcination 
resulting in well-dispersible powders18. Moreover, with a content of 1000 wt ppm still present 
in the sample after calcination, sulphur impurities might have caused the formation of a liquid 
phase, as observed by Greskovich. An addition of 1000 wt% ppm silicon was all it was 
necessary to sinter Nd:YAG to full transparency19 and enable laser oscillation, most probably 
by liquid phase sintering. 

Combination of vacuum sintering and HIP 

In 1996, Ikesue et al. produced highly transparent Nd-doped HfO2-Y2O3 by a combination of 
vacuum sintering followed by hot isostatic pressing20. The introduction of HfO2 was 
necessary to control grain growth in the same manner as Jorgensen and Anderson. Vacuum 
sintering at 1650°C enabled to sinter powder compacts to close porosity, so that hot isostatic 
pressing could be subsequently applied by argon gas. The conditions used during hot isostatic 
pressing were 1700°C and 196 MPa. Although the final samples were highly transparent, 
laser oscillations were never reported. 

Among all these methods, three techniques can be distinguished, namely, the use of dopants 
in solid solution, pressure-assisted sintering and liquid phase sintering. To understand the 
mechanisms underlying beneath each techniques, some basics of sintering are required. 
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3.3. Basics of sintering 

Sintering is technically referred to the densification of a particulate ceramic compact. It 
consists essentially in the removal of the pores between the starting particles (accompanied by 
shrinkage of the component), combined with growth together and strong bonding between 
adjacent particles. 

The following criteria must be met before sintering can occur: 
1. A mechanism for material transport must be present. 
2. A source of energy to activate and sustain this material transport must act. 

3.3.1. Driving forces for solid-state sintering 

This source of energy is usually referred to as the driving force for sintering. Three possible 
driving forces are possible: 

1. the curvature of the particles surfaces 
2. an externally applied pressure 
3. a chemical reaction 

Surface curvature 

In the absence of an external stress and a chemical reaction, surface curvature provides the 
driving force for sintering. The motivation for sintering is the reduction in the total free 
energy of the system 

sgbvT GGGG   (3.1) 
where Gv, Ggb, and Gs represent the change in free energy associated with the volume, 
boundaries, and surfaces of the grains, respectively. If we consider that sintering removes 
only the solid-vapour interface, the change in the surface free energy is given by 

)( 0SSG svs   (3.2) 
where sv is the solid-vapour interfacial energy and S-S0 represents the difference between the 
final and initial surface area. In 1 mole of powder consisting of spherical particles with a 
radius a, the number of particles is  

33 4
3

4
3

a
V

a
MN m  (3.3) 

where  is the density of the particles, which are assumed to contain no internal porosity, M is 
the molecular weight, and Vm is the molar volume. 

The surface area of the system of particles is 
aVNaS mA /34 2  (3.4) 

If sv is the solid-vapour interfacial energy of the particles, then the surface free energy 
associated with the system of particles is 

aVE msvs /3  (3.5) 
Taking sv = 2.5 J/m2 as a typical value for oxide ceramics, a = 1 μm and Vm = 45.07 × 10-6 m3

for Y2O3, then Es = 338 J for 1 mole of material. This surface free energy provides a 
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motivation for sintering. If a fully dense body is produced from 1 mole of material, Es
represents the decrease in surface free energy of the system, Gs.

It is worthwhile to notice that by reducing the particle size by a factor of 10, the surface 
energy will be ten times greater.  

Applied pressure 

In the absence of a chemical reaction, an externally applied pressure normally provides the 
major contribution to the driving force when the pressure is applied over a significant part of 
the heating process, as in hot isostatic pressing. Surface curvature also contributes to the 
driving force, but for most practical situations its contribution is normally much smaller than 
that provided by the external pressure. The external pressure does work on the system of 
particles, and for 1 mole of particles the work done can be approximated by 

maVpW  (3.6) 
where pa is the applied pressure and Vm is the molar volume. W represents the driving force 
for densification provided by the external pressure. For pa = 200 MPa, a typical value for hot 
isostatic pressing, and Vm = 45.07 × 10-6 m3 for Y2O3, then W = 9 014 J. 

Chemical reaction 

A chemical reaction may also provide a driving force for sintering. The decrease in energy 
accompanying a chemical reaction can be much greater than the driving force provided by an 
applied pressure stress. The change in free energy accompanying a chemical reaction is given 
by

eqKRTG ln0  (3.7) 
where R is the gas constant (8.3 J/mol), T is the absolute temperature, and Keq is the 
equilibrium constant for the reaction. Taking T = 1000 K and Keq =10, then G0 = 20 000 
J/mol. In spite of the very high driving force, a chemical reaction is not used deliberately to 
drive the densification process in advanced ceramics. A major problem is that microstructure 
control becomes extremely difficult when a chemical reaction occurs concurrently with the 
sintering process. 

3.3.2. Scaling laws 

As the average particle size in green compact is reduced, the specific surface area increases 
and diffusion distances are reduced. Both effects produce higher densification rates. 
According to Herring’s scaling law21

1122 / trrt n   (3.8) 
where ti and ri are sintering time and grain size and n is a constant depending upon the 
sintering mechanism (for volume diffusion, n = 3). Herring’s scaling law clearly shows that, 
as the particle size is reduced, so is the sintering time. Therefore, the sintering rate is higher 
for smaller grain sizes. 
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3.3.3. Matter transport 

Nature of diffusion 

Defects in crystals control the rate at which matter is transported through the solid state. The 
different types of defects are normally classified into three groups: (i) point defects, (ii) line 
defects, and (iii) planar defects. Point defects are associated with one lattice point and its 
immediate vicinity. They include vacancies, interstitial atoms and substitutional atoms. Line 
defects commonly referred to as dislocations. Planar defects consist of stacking faults, internal 
interfaces (e.g., grain boundary) and free surfaces. 

The different types of defects determine the path of matter transport. Diffusion along the 
major paths gives rise to the major mechanisms of matter transport: lattice diffusion (also 
referred to as volume or bulk diffusion), surface diffusion, grain boundary diffusion, and 
dislocation pipe diffusion. In sintering, diffusion through the vapour phase (vapour transport 
by evaporation and condensation) is usually considered alongside the solid state diffusion 
mechanisms. 

Lattice diffusion, Dl

Lattice diffusion takes place through the movement of point defects trough the bulk of the 
lattice. The different types of point defects give rise to different mechanisms of lattice 
diffusion: (i) vacancy diffusion, (ii) interstitial mechanism, (iii) interstitialcy mechanism and 
(iv) ring mechanism. 

Any bulk diffusion mechanism requires activation energy for the atom to squeeze between the 
lattice atoms in its way. The diffusion coefficient depends on temperature and is expressed as 

RT
QDD exp0  (3.9) 

where D0 and Q are constant for a given system. Q is the activation energy for the diffusion 
process.

Surface diffusion, Ds

The free surface of a crystalline solid is not perfectly flat. It contains some vacancies as in the 
bulk of the crystal, terraces, kinks, edges, and adatoms. The migration of vacancies and the 
movement of adatoms provide the main mechanisms of surface diffusion. The diffusion 
process is assumed to be confined to a thin surface layer that is on or two atomic diameters 
thick (~0.3-0.5 nm). 

Grain boundary diffusion, Dgb

In polycrystalline materials, the crystals or grains are separated form one another by regions 
of lattice mismatch and disorder called grain boundaries. The width of the grain boundary 
region is also assumed to be one to two atomic diameters thick. 
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Evaporation-condensation

A solid is always in equilibrium with its corresponding vapour. The rate of matter transport by 
evaporation from a surface is taken as proportional to the equilibrium vapour pressure over 
the surface. 

Usually, it is assumed that matter transport mechanisms in ceramics are activated in the 
following order as temperature increases: surface diffusion, grain boundary diffusion, lattice 
diffusion, and evaporation-condensation. However, this sequence may not always be correct. 

3.3.4. Driving forces for diffusion 

Solid-state diffusion can be considered to be driven either by gradients of: (i) concentration or 
(ii) chemical potential. 

Fick’s laws of diffusion 

If diffusion is viewed to be driven by concentration, Fick’s first and second laws can be 
applied. The concentration can vary as a function of distance and time. When the 
concentration is independent of time, the diffusion process is described by Fick’s first law 

CDJ  (3.10) 
where J is the flux, D the diffusion coefficient and C the concentration. 

When a concentration profile is time-dependent, the diffusion process is described by Fick’s 
second law 

CDCD
t
C 2.  (3.11) 

The chemical potential 

Figure 3.3 shows a solid consisting of adjoining convex and concave surfaces. This solid is 
assumed to be a pure element in which vacancies are the only type of point defect present. For 
the convex surface, the surface can be decreased by reducing the volume of the region 
beneath it. This can be achieved by increasing the concentration of vacancies. Since a 
decrease in the surface area leads to a decrease in the surface contribution to the free energy, 
it is expected that the vacancy concentration will be below normal, i.e. relative to a flat 
surface. Following a similar type of argument, it is expected that the concentration of 
vacancies will be above normal beneath the concave surface. The difference in vacancy 
concentration leads to a diffusional flux of vacancies from the concave to the convex region 
or, equivalently, a diffusional flux of atoms from the convex to the concave region. 
The fact that atoms move from the convex to the concave region means that some atoms are 
more likely to move than others. The same goes for vacancies. This ability can be measured 
by the chemical potential. The chemical potential is related to the Gibbs free energy by: 

jnpTi
i n

G

,,

 (3.12) 

where i is the chemical potential of the ith constituent of a system with temperature T,
constant pressure P and the other constituent nj remaining constant.   
For atoms under the surface of a sphere of radius R the chemical surface is given by 
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R
2

0  (3.13) 

where 0 is the chemical potential of the atoms under a flat surface,  is the specific energy of 
the interface between the sphere and the medium and  is the atomic volume. 

The radius of the convex and concave surfaces being positive and negative, respectively, the 
atoms under the convex surface have a higher chemical potential than those under the concave 
surface. Therefore, there is a gradient in the chemical potential that leads to material transport. 
For vacancies, the radius of curvature must be referred to the void surfaces.

3.3.5. Relation of the chemical potential with surface curvature and hydrostatic 
pressure

Herring22 determined quantitatively the dependence of the curvature of a surface on the 
chemical potential. A general expression for the chemical potential of vacancies that 
incorporates pressure and surface curvature effects is 

vsvvv CkTKp ln)(0   (3.14) 
where v0 is the reference chemical potential of the vacancies under a flat surface, p is the 
hydrostatic pressure, sv is the specific energy of the solid-vapour interface, K is the curvature 
of the surface,  is the atomic volume, and Cv is the vacancy concentration (i.e. the fraction of 
lattice sites occupied by the vacancies). 
In the same way, the chemical potential of atoms can be expressed as 

aSVaa CkTKp ln)(0   (3.15) 
where a0 is the reference chemical potential of the atoms under a flat surface, and Ca is the 
atom concentration. 

Thus, the chemical potential of the atoms or vacancies depends on the hydrostatic pressure in 
the solid and on the curvature of the surface. Furthermore, since the curvature term svK has 
the units of pressure or stress, it will produce the same effects as an equivalent externally 
applied pressure. Pressure and curvature effects can therefore by treated by the same 
formulation.  

Figure 3.3. Schematic diagram showing the direction of the concentration gradient, chemical 
potential gradient and resulting flux of vacancies in a curved surface. The flux of atoms is equal 
and opposite to that of the vacancies. 
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1
2

   3

4

5 6 

1. Surface diffusion 
2. Lattice diffusion (from the surface) 
3. Vapour transport 
4. Grain boundary diffusion 
5. Lattice diffusion  

(from the grain boundary) 
6. Plastic flow 

Figure 3.4. Pathways for the transport of material during the initial stage of sintering 

3.3.6. Pathways for material transport for polycrystalline materials 

Polycrystalline materials sinter by diffusional transport of matter. This transport takes place 
along definite paths that define the mechanisms of sintering. As shown above, matter is 
transported from regions of higher chemical potential (referred to as the source of matter) to 
regions of lower chemical potential (referred to as the sink). There are at least six different 
mechanisms of sintering in polycrystalline materials (Figure 3.4 and Table 3.1). 

All of these mechanisms lead to growth of necks between the particles. Neck growth produces 
bonding between the particles, so the strength of the consolidated powder form increases 
during sintering. Only certain of the mechanisms, however, lead to shrinkage or densification. 
In these so-called densifying mechanisms, matter is removed from the grain boundaries 

L0

L0

L0 L

Coarsening 

Densification 

Changes in 
pore shape 

Changes in 
pore shape 

+
shrinkage 

Figure 3.5. The differences between coarsening and densification.

Table 3.1. Pathways for the transport of material during the initial stage of sintering 

Pathway Transport path Source Sink Process 
1 Surface diffusion Surface Neck Coarsening 
2 Lattice diffusion Surface Neck Coarsening 
3 Vapour transport Surface Neck Coarsening 
4 Boundary diffusion Grain boundary Neck Densification 
5 Lattice diffusion Grain boundary Neck Densification 
6 Lattice diffusion Dislocations Neck Densification 
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(mechanisms 4 and 5) or from dislocations within the neck region (mechanism 6). The 
mechanisms that do not cause densification (mechanisms 1-3) are sometimes referred to as 
non-densifying or coarsening mechanisms. The coarsening mechanisms cannot simply be 
ignored. When they occur, they reduce the curvature of the neck surface (i.e., the driving 
force for sintering) and so reduce the rate of the densifying mechanisms. The difference 
between densification and coarsening is schematically shown in Figure 3.5. Of course, all 
these mechanisms can take place simultaneously. 

3.3.7. Stages of sintering 

Sintering is normally thought to occur in three sequential stages referred to as (i) the initial 
stage, (ii) the intermediate stage and (iii) the final stage. A stage represents an interval of time 
or density over which the microstructure is considered to be reasonably well defined. Some of 
the main parameters associated with the description of the stages of sintering as well as their 
common representing models are summarized in Table 3.2. 

Table 3.2. Main parameters associated with the stages of sintering for polycrystalline solids. 

Stage Typical 
microstructural 
feature

Relative 
density 
range 

Idealized model 

Initial Rapid interparticle neck growth Up to 0.65 Two monosize spheres 
Intermediate Equilibrium pore shape with 

continuous porosity 
0.65-0.90 Tetrakaidecahedron with cylindrical pores of 

the same radius along the edges 
Final Equilibrium pore shape with 

isolated porosity 
> 0.90 Tetrakaidecahedron with spherical monosize 

pores at the corners 

3.3.8. Significance of grain boundaries 

As shown earlier, during sintering, the total free energy decreases resulting from a decrease in 
the free surface area. Nevertheless, part of this surface energy goes into the creation of new 
grain boundary area (Fig. 3.6). If Ssv and Sgb are the changes in the surface area and grain 
boundary area, respectively, then the total change in energy is 

gbgbsvsv SSE  (3.16) 
where sv is the solid-vapour interfacial energy and gb is the grain-boundary interfacial energy. 
In this equation Ssv is negative because the free surface area decreases.
The driving force for sintering will therefore be somewhat lower than that calculated earlier 
where the grain boundaries were neglected. 

Decrease in Asv

Increase in Agb

Figure 3.6. In the sintering of crystalline powders, a portion of the energy gained by reduction 
in surface area is used in the formation of the grain boundaries. 
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Pore

sv

sv

gb

Figure 3.7. The equilibrium shapes of the pores in polycrystalline solids. 

Under certain conditions, E may actually be positive. This occurs when 
svsvgbgb SS  (3.17) 

For this condition, there would be an incentive for the solid-vapour surface area to increase, 
i.e. for the pores to grow. This becomes favourable when the pore size is significantly greater 
than the grain size. Thus, for polycrystalline materials, it is not always thermodynamically 
feasible for the pores to shrink. 

The presence of the grain boundaries also dictates the equilibrium shapes of the pores in a 
polycrystalline material. Figure 3.7 shows a hypothetical pore surrounded by three grains. The 
forces must balance at the junction where the surfaces of the pores meet the grain boundary. 
They are normally represented by the tension in the interface, i.e. the tension in the 
solid/vapour interface and the tension in the grain boundary. At the junction, the tension in the 
solid/vapour interface is tangential to that interface, whereas the tension in the grain boundary 
is in the plane of the boundary. The balance of forces therefore leads to 

)2/cos(2 svgb   (3.18) 
where  is called the dihedral angle. 

3.3.9. Grain growth 

Driving force 

In a dense polycrystalline solid, the atoms in the grain boundary have a higher energy than 
those in the bulk of the crystalline grain. The driving force for grain growth is therefore the 
decrease in the grain boundary energy gb that results from decrease in the grain boundary 
area, just like the decrease in the free surface area energy sv is the driving force for sintering.  

In the widely accepted picture, the grain boundary is considered to be a region of disorder 
between two crystalline regions (the grains), as sketched in Fig. 3.8 (a). Grain growth occurs 
as atoms (or ions) diffuse less than an interatomic distance to new positions. Thus one grain 
grows at the expense of another. As explained earlier, the atoms move from the convex 
surface on one side of the grain boundary to the concave surface on the other side more 
readily than in the reverse direction. The result is that the boundary moves toward its centre of 
curvature (Fig. 3.8 (b)). 
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Topological and thermodynamic requirements on grain growth 

A dense polycrystalline solid consists of a space-filling array of grains. Therefore, certain 
topological requirements of space filling as well as the balance of interfacial tensions must be 
satisfied for normal grain growth to occur. Figure 3.9 shows a two-dimensional section 
through a dense polycrystalline solid as sketched by Burke and Rosolowski23. The structure 
consists of vertices joined by edges that surround faces. Provided that the face at infinity is 
not counted the numbers of faces F, edges E, and vertices V, obey Euler’s equation 

1VEF   (3.19) 
For stable topological structures, i.e., those for which the topological features are unchanged 
by small deformations, the number of edges that intersect at a vertex is equal to 3. For 
isotropic grain boundary energies, the edges must meet at an angle of 120°. 
If we consider polygons in which the sides intersect at 120°. Taking N as the number of sides, 
under such conditions a hexagon (N = 6) has plane sides whereas a polygon with N>6 has 
concave sides and one with N<6 has convex sides. From Fig. 3.9, grains can be considered as 
polygons in two dimensions. Since the boundaries, migrate toward their centre of curvature, 
grains with N>6 tend to grow while those with N<6 tend to shrink.

Figure 3.8. (a) Classical picture of a moving grain boundary. 
 (b) Movement of the grain boundary toward its center of curvature. 

(a) (b) 

Figure 3.9.  Sketch of a section through a dense polycrystalline solid. The sign of 
the curvature changes as the number of sides increases from less than six to more 
than six. The arrows indicate the direction in which the boundaries migrate. 
From Ref 23.
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Grain growth in the initial state of sintering 

As outlined earlier, grain growth is driven by a decrease in the grain boundary area. For the 
grain boundary between two spheres, the movement of the boundary will be difficult. As 
sketched in Fig. 3.10 (a), the balance of interfacial tensions requires that the equilibrium 
dihedral angle of the grain boundary groove at the surface of the sphere be maintained. 
Movement of the boundary would actually involve a significant increase in the grain 
boundary area. Grain growth will not occur unless other processes that significantly reduce 
this energy barrier com into play. Greskovich and Lay24 proposed that surface diffusion 
assists the rounding of the particles and the growth of necks between the particles as 
illustrated in Fig. 3.10 (b). The movement of the boundary becomes then favourable. The rate 
of migration of the boundary depends on the difference in initial size between the particles; 
the greater the difference in size, the greater the curvature of the boundary and the greater the 
driving force for the boundary to sweep through the smaller grain. Neck growth between the 
grains is likely to be much slower than the migration of the boundary, so it controls the rate of 
the overall coarsening process. 

3.3.10. Pore mobility 

Assuming that the instantaneous rate of grain growth is proportional to the average of grain 
boundary migration, vb

bv
dt
dG   (3.20) 

where G is the average grain size. The term vb is assumed to be represented in terms of the 
product of the driving force and the mobility, 

bbb FMv  (3.21) 
where Fb is the driving force and Mb is the mobility of the boundary. 

It may initially appear strange that pores can in fact move in a porous solid. However, small 
isolated pores can be dragged along by the grain boundaries. The reason is that the grain 
boundary moving under the influence of its curvature applies a force on the pore trying to 
drag it along. This force causes the pore to change its shape, as illustrated in Fig. 3.11. The 
leading surface of the pores becomes less strongly curved than the trailing surface, The 
difference in curvature leads to a chemical potential difference, which causes a flux of matter 
from the leading surface to the trailing surface. The result is that the pore moves forward in 

(1) (2) (3) (4)

Figure 3.10. (a) Grain growth increases the total grain boundary area between two spheres. The dihedral 
angle constrain at the surface of the sphere creates a boundary curvature that opposes grain growth. (b) 
Qualitative mechanism for grain growth in porous powder compacts: (1) Particles of slightly different size 
in contact; (2) neck growth by surface diffusion between the particles; (3) grain boundary migration from 
the contact plane; (4) grain growth. 

(a) (b)
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the direction of the boundary motion. Matter transport from the leading surface to the trailing 
surface can occur by three separate mechanisms: (1) evaporation/condensation, (2) surface 
diffusion, and (3) and lattice diffusion. 

By analogy with the case of a moving boundary, the pore velocity vp is defined by a force-
mobility relationship, 

ppp FMv  (3.22) 
where Fp is the driving force and Mp is the mobility of the pore. 

There are two types of interactions between the pores and the grain boundaries: (i) the pore 
becomes separated from the boundary and (ii) the pore remains attached to the boundary. 

Separation of pores from the boundary 

Pore separation will occur when 
bp vv  (3.23) 

This condition can also be written as 
'FMFM bpp  (3.24) 

where F’ is the effective driving force on the boundary. If Fd is the drag force exerted by a 
pore, then a balance of forces requires that Fd be equal and opposite to Fp. Considering unit 
area of the boundary in which there are n pores, Eq. 3.24 can be written

pbbpp nFFMFM (  (3.25) 
where Fb is the driving force on the pore-free boundary due to its curvature. Rearranging Eq. 
3.25, the condition for pore separation can be expressed as 

b

pp
pb M

FM
nFF  (3.26) 

Pores remain attached to the grain boundary 

The condition for pore attachment to the boundary is 
bp vv  (3.27) 

This equation can also be written as 
pbbpp nFFMFM (  (3.28) 

Putting vp = FpMp = vb in Eq. 3.28. and rearranging gives 

pb

bp
bb MnM

MM
Fv  (3.29) 

Two limiting conditions can be defined. When nMb >> Mp, then 
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Figure 3.11. Possible transport paths for a pore moving with a grain boundary. 
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Figure 3.12. The dependence of the pore-boundary interactions on microstructural parameters 
when pores migrate by surface diffusion. The dashed arrow shows a possible sintering path for a 
powder compact. The dashed curves illustrate the plausible effect of dopants that decrease the 
grain boundary mobility. 

n
M

Fv p
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The effective driving force on the boundary is F’ = vp/Mb using Eq. 3.28. Putting vp = vb = 
FbMp/n gives 

b
b

pb F
nM

MF
 (3.31) 

The driving force on the boundary is nearly balanced by the drag of the pores, and the 
boundary motion is limited by the pore mobility. This condition is referred to as pore control. 
The other limiting condition is nMb << Mp, in which case 

bbb MFv  (3.32) 
The drag exerted by the pores is  

b
p

bb
p F

M
MnFnF  (3.33) 

The presence of the pores has almost no effect on the boundary velocity, a condition referred 
to as boundary control. 

Equal mobility curve 

It is possible to represent on a diagram which interaction becomes important as functions of 
the grain size G and the pore size 2r. This is shown in Figure 3.12. In that example, it is 
assumed that pores migrate by surface diffusion. Qualitatively, three different regions are 
found. For larger, less mobile pores that are closely separated, the pores remain attached to 
the boundary and control the motion. The microstructure in this region of the diagram is a 
rough approximation to the earlier stages of sintering when the pores are relatively large 
compared with the grain size and the continuous porosity is fairly closely spaced. In another 
region of the diagram, smaller and more mobile pores remain attached to the boundary, and 
they do not exert a significant drag on the boundary; the boundary migration is therefore 
controlled by the boundary mobility. Finally, separation occurs for larger pores that are 
widely separated.
Since coarsening of the microstructure by the increase of the average grain and pore sizes is 
widely observed during sintering, a possible trajectory for the microstructural evolution runs 
diagonally upward form the left to right (dashed arrow in Fig. 3.12). According to this 
representation the interaction changes form boundary control (with possibly a small region of 
pore control) to separation. 
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3.3.11. Pore coalescence 

A consequence of the pores moving along with the boundaries is that the pores may meet and 
coalesce to produce a larger pore as sketched in Figure 3.13. It is believed that this process 
contributes to the coarsening in the later stages of sintering. 

3.4. Hot isostatic pressing (HIP) 

During HIP, the coarsening mechanisms are not enhanced by the applied pressure and can be 
neglected. According to Eq. 3.14, the effect of external compressive forces at grain 
boundaries will decrease the chemical potential of vacancies located near grain boundaries. 
This will result in an increase of the net flux of vacancies from pores, where the concentration 
and chemical potential of vacancies are higher, to grain boundaries. 

High pressures (up to 200 MPa) can be applied with HIP. Plastic deformation plays, therefore, 
an important role for metallic powder particles. However, plastic yielding is expected to be 
unlikely for most ceramic powders, unless five independent slip systems are present in the 
crystal structure. This is the case at high temperature for certain ceramics that are highly 
symmetrical crystal structures such as rock salt (NaCl) or fluorite (CaF2). Yttria has a fluorite-
derived structure, so it is likely to show plastic deformation by dislocation motion (power law 
creep) under high temperature and pressure conditions. However, for polycrystalline 
ceramics, the most common processes that need to be considered are lattice diffusion and 
grain boundary diffusion. 

Furthermore, insoluble gases trapped in the pores during HIP will be under very high 
pressures. When densification stops, the as pressure pi is equal to the sum of the sintering 
stress  and the applied pressure pa, i.e.,
pi =  + pa (3.34)

3.5. Sintering additives 

The use of additives provides a very effective approach for the fabrication of ceramics with 
high density and controlled grain size. Additives that aid sintering are generally grouped into 
two classes: (i) those that form a second phase at the grain boundary and (ii) those that go into 
solid solution into the host material. However, in most cases, the role of the dopant is not 
understood very well. The main reason is that dopants can display a variety of functions, 
which makes understanding of the dopant role difficult. 

Figure 3.13. Sketch of the pore coalescence mechanism.
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3.5.1. Pinning by inclusions 

An additive may exist as discrete second-phase particles that inhibit grain boundary migration 
by pinning. If a grain boundary moving under the driving force of its curvature encounters an 
inclusion, it will be held up by the particle until the motion elsewhere has proceeded 
sufficiently far for it to break away. If there are a sufficient number of particles, the boundary 
will be pinned when it encounters the particles and boundary migration will cease. The net 
driving force per unit area acting on the boundary can be expressed by the difference between 
the driving force for grain boundary motion, Fb, and the retarding force, RF

r
f

G
RFFF gbbnet 2

3   (3.36) 

where  is a geometrical shape factor (e.g.,  = 2 for a spherical grain), G is the grain size, f is 
the volume fraction of the inclusions in the solid and r is the mean radius of the inclusions. 
This is called the Zener relationship.  

3.5.2. Segregation of solid solution additives 

An additive can influence both the kinetic and thermodynamic factors in sintering. 
Segregation can alter the defect chemistry, as well as introducing a solute drag effect.

Influence on the diffusion coefficients 

An additive can alter the defect chemistry of the host, thereby changing the diffusion 
coefficient for transport of ions through the lattice, i.e. Dl. Segregation of the additives can 
alter the structure and composition of surfaces and interfaces. The additive can therefore 
modify the grain boundary diffusion coefficient Dgb, the surface diffusion coefficient Ds, and 
the diffusion coefficient for the vapour phase Dg.

To understand how an additive will influence Dl, the defect chemistry of the host must be 
known. Above all, it is important to determine which species controls the rate of densification. 
By introducing the right dopant, it is possible to increase the concentration of this 
densification rate controlling species and thereby increase its diffusion. However, the 
densification rate controlling species is only known in a very few cases.

Nevertheless, a few rules have been put forward for the selection of additives acting on Dl:
Pick an additive with an ionic radius similar to that of the host (to assist formation of a 
solid solution). 
Add this in the concentration close to the solid solution limit (to maximize the effect). 
Pick as additive a relatively volatile species (to ensure that distribution is effected 
during sintering). 
Pick an additive with a valence one unit different from that of the host (to affect the 
defect concentration and yet give reasonable solubility). 

For the attainment of high density, an additive can also act favourably to decrease the surface 
diffusion coefficient Ds. A decrease of Ds is required in order to reduce the rate of coarsening 
and thereby increase the densification rate. Therefore, the pore size will be smaller and the 
pore mobility increases considerably. Moreover, the diffusion distance for matter transport 
into the pores is kept small, thereby improving the probability of achieving high density. 
However, rules for the selection of additives to accomplish this decrease of Ds are not known. 
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Influence on the boundary mobility 

The segregation of dopant to the grain boundary is very effective for reducing the intrinsic 
grain boundary mobility. Segregation consists in an enhanced concentration of the dopant in 
the grain near its boundary without the formation of a second phase. This is illustrated in 
Figure 3.14. 

The mechanism of decreasing grain boundary mobility is often referred to as the solute drag 
mechanism. Let us consider a system in which a small amount of a dopant (solute) is 
dissolved in solid solution in a polycrystalline solid (host). The dopant usually segregates 
favourably to the grain boundary, because there is a certain attraction of the solute ions to the 
grain boundary. This attraction is due to the coupled effect of (i) the electrostatic potential 
between the grain boundary and the interior of the grain that attracts the aliovalent ions and 
(ii) the decrease of the elastic strain energy in the distorted grain boundary region by the 
introduction of solute ions different from those of the host. This results in a space charge 
extending ~2-10 nm from the boundary. 

For a hypothetical stationary boundary, the concentration profile of the solute ions will be 
symmetrical (Fig. 3.15 (a)). The force of interaction due to the solute ions to the right of the 
boundary balances that due to the ions to the left of the boundary, so that the net force of 

Figure 3.14. Sketch illustrating the non-uniform distribution of dopant atoms (filled circles) that 
results from the segregation of the dopant to the grain boundary. 
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Figure 3.15. Sketch of the solute drag effect produced by the segregation of dopant to the grain 
boundary.
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interaction is zero. If the boundary now starts to move, the dopant concentration profiles 
becomes asymmetric, since the diffusivity of the solute ions across the boundary is expected 
to be different from that of the host (Fig. 3.15 (b)). This asymmetry results in a retarding force 
or drag on the boundary that reduces the driving force for migration. Eventually, the boundary 
may pass the high concentration of solute, leaving behind it a solute cloud (Fig. 3.15 (c)). 
When this occurs its mobility will approach the intrinsic value Mb.

Dopants are an effective way to decrease the grain boundary mobility.  In the G versus 2r
diagram (dashed curve in Fig. 3.12), this has the effect of extending the region of pore 
attachment. In terms of this diagram, a possible explanation of the effectiveness of dopants is 
that they delay the onset of abnormal grain growth (pore separation) beyond the grain size at 
which final densification is achieved. For the achievement of high density with controlled 
grain size, this separation region must be avoided. 

Influence on the surface energy 

Segregation can also alter the interfacial energies. An additive can therefore also act 
thermodynamically to change the surface energy sv and the grain boundary energy gb.
Assessment of the dihedral angle (Eq. 3.18) provides a measure of the ratio gb/ sv.

3.6. Liquid phase sintering 

The use of additives can also lead to the formation of a liquid phase at temperatures below 
melting point, because of the existence of a eutectic between the additives and the ceramic 
material. The presence of a liquid phase normally contributes to enhance densification.

Driving force 

Assuming that the liquid wets and spreads over the solid surfaces, the solid/vapour interface 
of the particulate system will be eliminated and pores will form in the liquid. The reduction of 
the liquid vapour interfacial area provides a driving force for shrinkage and densification of 
the overall system. For a spherical pore of radius r in a liquid, the pressure difference across 
the curved surface is given by the equation of Young and Laplace 

r
p lv2

 (3.37) 

where lv is the surface energy of the liquid/vapour interface. The pressure in the liquid is 
lower than that in pores, and this generates a compressive stress on the particles. This 
compressive stress due to the liquid is equivalent to an external hydrostatic pressure, the 
magnitude of which is given by Eq. 3.37. Taking lv = 1 J/m2 and r = 0.5 μm gives p  4 
MPa. Pressure of this magnitude can provide a fairly appreciable driving force for sintering. 

Enhanced rearrangement 

The friction between the particles is significantly reduced, so they can rearrange more easily 
under the action of the compressive stress exerted by the liquid or an external force as in 
pressure sintering. In this latter case, the liquid phase will enhance grain boundary sliding. 
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Enhanced matter transport 

In liquid phase sintering important parameters are the product of the diffusion coefficient of 
the solute atoms in the liquid and the thickness of the liquid bridge. The liquid provides a path 
for enhanced matter transport.  

Stages during liquid-phase sintering 

Liquid phase sintering is normally viewed in terms of three overlapping stage: (1) 
rearrangement occurs due to liquid formation, (2) solution-precipitation of solid that dissolves 
at the solid/liquid interfaces with a higher chemical potential, diffuses through the liquid, and 
precipitate on the particle at other sites with a lower chemical potential, and (3) Ostwald 
ripening that causes coarsening during the final stage.

Persistent and transient liquid-phase sintering 

In most systems, the liquid persists throughout the firing process and its volume does not 
change appreciably. This is referred to as persistent liquid-phase sintering. On cooling the 
liquid forms a glassy grain boundary phase. The liquid may also be present over a major 
portion of the firing process but then disappears by (i) incorporation into the solid phase to 
produce a solid solution, (ii) crystallisation of the liquid or (iii) evaporation. The term 
transient liquid-phase sintering is used to describe the sintering in which the liquid phase 
disappears prior to the completion of firing. 

3.7. Method selection 

An advantage when dealing with optical ceramics with cubic structure is that coarsening is 
not a major issue during sintering, since only the optical properties are of interest, not the 
mechanical properties. Thus, the problem is reduced to the complete removal of porosity. 
However, a suitable densification method must be found. 

3.7.1. Densification method 

Problems with sintering additives in solid solution 

Aliovalent additives in solid solution are responsible for the creation of point defects and non-
stoichiometry.  The presence of point defects can influence the optical properties of the 
ceramic, even if no discolouration can be visually observed. Ikesue et al.20 managed to 
produce Nd:Y2O3 heavily doped with Hf4+ showing an absorption coefficient equalling that of 
a Nd:Y2O3 single crystal. However, they did not manage to obtain efficient laser oscillations 
out of the material. The same goes for Greskovich and Chernoch9,10 that used Th4+ instead of 
Hf4+. Moreover, foreign ions in solid solution will induce distortions in the crystal structure. 
Therefore, if sintering additives are employed and end up in solid solution of substitution, 
they must be isovalent and have a close ionic radius compared with the ions they replace. 

Problems with persistent secondary phases 

The use of a secondary solid phase or liquid phase to enhance densification is not suitable for 
laser purpose. As a matter of fact, liquid phase usually solidifies at grain boundaries giving an 
amorphous or crystalline phase during cooling. The presence of a persistent phase in a 
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transparent material will scatter light, since the secondary phase will have a different index of 
refraction than that of the main material. An acceptable condition would be that the index of 
refraction matches perfectly that of the matrix. However, this is very unlikely.  

Transient solid or liquid phase 

A way to remove the liquid phase or solid secondary phase from grain boundaries might be to 
limit its quantity to a very little amount so that it is possible for it to diffuse inside grains into 
solid solution through a further thermal treatment. The liquid phase might also be retained 
long enough to affect densification but either goes into solid solution or evaporates prior to 
completion of the sintering process. Once in solid solution, the same problems as mentioned 
above must be considered. An interesting solution seems to be the removal of the liquid phase 
directly by evaporation. However, pollution of the furnace during such a treatment must be 
feared.

Pressure sintering 

As shown above, pressure sintering is an effective method to enhance densification by 
diffusion or dislocation motion. A possible limitation of this method might be the introduction 
of dislocations and residual stresses, which might affect the laser performances.  

3.7.2. Role of the atmosphere 

Insoluble gases must be avoided, since they will be hard to remove once trapped in closed 
porosity. Thus, vacuum conditions are to be preferred. Moreover, the different parts in a 
furnace, especially the heating elements (when a resistive furnace is used), can create a local 
atmosphere, which might also vary with time, temperature and pressure. Discoloration and 
composition changes at the surfaces of the ceramic bodies can therefore result. Molybdenum 
is known to give a light pinkish coloration to yttria, while graphite gives a black coloration 
due to reduction of yttria. Yttria is well-known to be easily reduced in reductive atmospheres 
at high temperatures. Thus, mild vacuum conditions must be used, although colour changes 
can to some extent be compensated by further annealing the ceramic body in air. However, 
the compositional non-uniformities are not corrected by such annealing. The local atmosphere 
can sometimes be changed by using a powder bed. 

3.7.3. Vacuum sintering followed by HIP 

For all the reasons named above, we decided to sinter the samples without additives. Thus, the 
samples were first sintered in vacuum in order to enhance outgasing and leave low pressure 
inside the material when closed porosity is reached. This was followed by hot isostatic 
pressing to collapse the remaining porosity. The glass-canning technique was used for its 
ability to protect the sample from the reductive furnace atmosphere, because of graphite 
heating elements in the HIP furnace. 

3.8. Experimental set-up 

3.8.1. Vacuum sintering 

Vacuum sintering was performed in resistive furnaces operating with heating elements and 
shields in molybdenum or tungsten. The interior of such furnaces is sketched in Figure 3.16. 



65

The samples were embedded in yttria powder in order to avoid reaction with alumina 
crucibles. Furthermore, an extra crucible was placed upside down on top as a cover because of 
the pollution observed in a first attempt. 

In the molybdenum furnace, vacuum conditions was provided by a two-stage rotary pump 
with pumping speed of ~65 l/s, which normally allows to reach a vacuum of 10-3 mbar in the 
furnace, but a limit pressure of 10-1 mbar could only be achieved. A turbomolecular pump 
allowed to reach pressures below 10-5 mbar in the tungsten furnace. 

3.8.2. HIP treatment 

Samples were hot isostaticaly pressed using the glass canning technique. A glass capsule type 
“Vycor” was used for its ability to soften and transmit compressive forces at high 
temperatures. All the pre-sintered samples were placed in the glass capsule embedded in pure 
hexagonal boron nitride (BN) used as a barrier material to avoid any reaction with glass. 
Precaution was taken to pack homogeneously the powder and prevent the samples to tilt 
inside the capsule during HIP treatment. This action simplifies greatly sample retrieval when 
cutting is used. However, too much packing of the BN powder causes undesirable rebounds. 
Capsule were then evacuated at 700°C for 4 hours and under a vacuum of 10-4 mbar.  A 
typical set-up of a glass capsule is shown in Figure 3.17. 

Figure 3.18 shows the temperature and pressure regimes used during HIP treatment at 
1625°C. A critical step in this technique is the heating up to the transformation point of glass. 
Therefore the capsule was heated up to 1200°C in 1 hour. This temperature was hold for 40 
min to soften glass before applying any pressure. Pressure and temperature were then raised to 
200 MPa and 1625°C respectively. They were held as such during 2 hours from the moment 
when the maximal pressure was established. Temperature and pressure were let to decrease 
freely down to room temperature and atmospheric pressure beyond the time scale of Fig. 3.18. 
It was very important to let the samples cool fully down to room temperature in the HIP 
furnace. Numerous cracking sounds could be heard when capsules were directly withdrawn 
out of the furnace at 200°C and quenched to room temperature. 

The samples were finally recovered out of the capsule by machining with a diamond cutting 
disc and abrasive paper. 
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Figure 3.16. Sketch of the interior of the furnace used for vacuum sintering (cross-section). 
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Figure 3.18. Detailed regimes of the HIP treatments.
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Figure 3.17. Typical set-up of a glass capsule. 
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CHAPTER 4. DISCUSSION AND FUTURE WORK 

Transparent yttrium oxide ceramics doped with 30 at% ytterbium have been successfully 
fabricated in Paper 7. The starting powder was synthesized by a novel method involving the 
collapse of a cellular nanostructure by the action of heat and sulfation. Densification to 
transparency was achieved by a combination of pre-sintering and hot isostatic pressing (HIP). 
The best sample showed a transmittance of 25% at 400 nm for a thickness of 3mm. However, 
the optical quality of the materials is not yet satisfactory for use as a laser source. This shows 
that every stage of processing must be further improved to achieve greater control over the 
ceramic quality. 

Avoiding porosity entrapment inside grains during synthesis, calcination, pre-sintering, and 
HIP are the areas that have the most influence on transparency. Intragranular porosity is 
difficult to close and cannot be removed by the pressure applied during HIP. The results in 
Paper 5 suggest a positive effect of having hardly-agglomerated powders when a combination 
of pre-sintering/post-HIP treatment is employed to reach transparency. Pre-sintering of 
compact agglomerates enables differential sintering, resulting in only intergranular porosity. 
Subsequent HIP treatment of the pre-sintered samples causes almost complete pore 
elimination. This result was recently confirmed using a commercial powder consisting of hard 
agglomerates of nanosized primary particles, but the role of a relatively high silicon content in 
this success must further be investigated.  

The transparent ceramics fabricated in this work were found to be unstable and lose their 
transparency during re-annealing in air. This shows that the effect of the HIP treatment on the 
dislocation structure and creation of point defects must be better understood. Moreover, the 
ambient conditions in the glass capsule remains a ‘black box’, but the observation of a fine 
layer of discolored boron nitride around the yttrium oxide-based samples suggests diffusional 
processes during HIP. This layer should be analyzed. 

Pressureless sintering at temperatures above 1600 C should also be investigated. Such a study 
would serve as an optimization of the pre-sintering stage prior to HIP post-treatment. In 
addition, transparency might even be directly achieved if grain-growth is effectively 
controlled to avoid grain-boundary/porosity breakaway throughout sintering process. Pre-
sintering atmospheres, like air and vacuum, were found to affect grain-growth considerably in 
Paper 7. Dilatometry results (not reported in this work) indicate that various powders react 
differently in these conditions. Additional results also suggest that the level of pollution in the 
furnace employed for pre-sintering must be assessed, controlled, and maintained in order to 
establish a reproducible process. 

Macro-defects could easily be distinguished in the final transparent materials. Despite being 
laborious due to the aging behavior of yttria in water, wet-forming methods like slip casting 
are recommended, as shown in Paper 6. A better packing density and deagglomeration 
resulting from the ball-milling step are responsible for homogenizing the sintering process 
with slip-cast pellets. Paper 6 also shows that high density does not need to be achieved by 
slip-casting when cold isostatic pressing (CIP) is subsequently used. The results of Papers 5 
and 6 really suggest that uniaxial pressing must be excluded from this process in order to 
improve optical homogeneity. 



70

From the powder synthesis point of view, problems of reproducibility were inherent to the 
precipitation techniques employed in Papers 1 and 2. This was related to the steps of 
precursor filtration, washing, and drying, which in addition to being time-consuming, were 
found to significantly affect the agglomeration states of the precursors from batch to batch. 
Papers 1 and 5 show how small discrepancies in the agglomeration steps lead to substantial 
differences in the final sintered ceramics. Regarding the issue of process time consumption, 
the novel synthesis method developed in this thesis is significantly more time-efficient than 
precipitation, as demonstrated in Paper 3. Paper 4 shows that sulfate effectively retards grain-
growth and thus seems promising for achieving transparency by pressureless sintering, as 
suggested in the literature. It might be possible to achieve further homogenization of the 
starting powder properties in this process if sulfation is better controlled in order to prevent 
formation of bulk Y2O2SO4. To this end, direct sulfation in a gas flow of SO2 and O2 instead 
of ammonium sulfate appears attractive.  

However, in this synthesis process ytterbium was found to segregate slightly, via observation 
with scanning electron microscopy and back-scattered electrons. Improper complexation and 
therefore mixing of the rare-earth cations at the atom level might responsible for this 
segregation. The type of characterization performed in Paper 2 might help to better 
characterize the segregation of ytterbium at different calcination temperatures during powder 
synthesis. Moreover, special “worm-shaped” defects were noticed by transmission optical 
microscopy and found to appear only in samples prepared from powders made by the 
combustion synthesis transient morphology process. This suggests the presence of impurities, 
and again shows their detrimental effects even at low concentration levels. 

Therefore, future work must not neglect the critical issue of purity and employ powders from 
only one batch or from different batches thoroughly mixed together. This would certainly help 
to avoid variation of properties in the starting powder. Before starting comparison studies 
between different powders, the purity of the latter should be assessed at the ppm and sub-ppm 
level if possible, using accurate techniques, i.e. inductively coupled plasma mass spectroscopy 
(ICP-MS) and XPS (x-ray photoeletron spectroscopy). Total elimination of all impurities is 
unrealistic, especially when working with large specific surface areas. But at least some of 
them might be determined to be less detrimental than others, and perhaps even found to be 
beneficial.
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CHAPTER 5. SHORT SUMMARY OF APPENDED PAPERS 

Paper I   
Effect of drying and dewatering on yttria precursors with transient morphology 
The influence of drying and dewatering of an yttrium hydroxynitrate precursor with transient 
morphology was investigated. The ability of this precursor to form soft agglomerated 
nanoparticles after calcination is dependent on the dewatering method. Freeze drying leads to 
finer particles than other dewatering methods that involve removal of the solvent from its 
liquid state. Since water is directly removed by sublimation during freeze-drying, this method 
inhibits the formation of solid bridges between hydroxynitrate platelets. These bridges, which 
form with the other dewatering methods, destabilize the spheroidization process of the 
platelets during subsequent firing at high temperatures. 
The author has performed all experiments, all characterization except DSC/TG and is the 
main writer of the paper. 

Paper II   
Comparison of two different precipitation routes leading to Yb:Y2O3 nanoparticles 
Two different precipitation routes leading to (YbxY1-x)2O3 nano-particles (with x = 0; 0.027; 
and 0.31) were compared, namely, precipitation of hydroxynitrate platelets and amorphous 
carbonate spherical particles. For both methods, the particle morphology was observed by 
scanning electron microscopy. X-ray diffraction studies of the unit cell, energy dispersive X-
ray analysis and inductive coupled plasma spectroscopy were used to check the ytterbium 
distribution. The precipitation of amorphous carbonate was found to produce particles with 
uniform morphology and homogeneous distribution of ytterbium, while hydroxide 
precipitation favours the formation of hard and dense ytterbium-rich agglomerates. These 
differences are discussed in terms of precipitation, growth and agglomeration behaviour. The 
sinterability of both resulting powders is also discussed. 
The author has performed all experiments except powder synthesis, all characterization 
except ICP-MS and is the main writer of the paper. 

Paper III    
Alternative method to precipitation techniques for synthesizing yttrium oxide 
nanopowder 
Yttrium oxide nano-powder has been successfully synthesized by a novel approach. In the 
first step, a foamy structure was produced by combustion synthesis using yttrium nitrate and 
glycine. This was followed by the addition of sulfate ions and calcination at 1100°C for 4 hrs. 
The sulfated and unsulfated powders were characterized by X-ray powder diffraction (XRD), 
scanning electron microscope (SEM), transmission electron microscopy (TEM) and the 
Brunauer-Emmett-Teller method (BET). The sinterability of the resulting powders was also 
studied by dilatometry. The studies indicated that this method not only allows for producing 
weakly-agglomerated nano-particles, but is also a very time-efficient process in comparison to 
precipitation techniques. Moreover, the possibility of performing all processing steps in a 
fully automated batch reactor was also considered. 
The author has performed all experiments, all characterization except BET and TEM, and is 
the main writer of the paper. 
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Paper IV   
Synthesis of yttria nanoparticles based on the collapse of sulfated cellular 
nanostructures  
Yttria nanoparticles were synthesized by a novel method based on combustion synthesis, 
sulfation with ammonium sulfate and calcination at high temperature. The effect of starting 
cellular structure morphology, sulfate content and calcination temperature on the final particle 
size and agglomeration state were investigated. The resulting powders were characterized at 
different processing stages by differential scanning calorimetry, thermogravimetry, mass 
spectroscopy, x-ray diffraction, scanning electron microscopy and high-resolution 
transmission electron microscopy. Complete collapse of the original cell structure into weakly 
agglomerated nanoparticles was obtained by fuel-lean combustion synthesis with 10 mol% 
ammonium sulfate followed by calcination at 1100 C for 4 hours. A fine primary particle size 
of the starting cellular structure and the formation of surface oxysulfur species were found to 
be necessary for the success of this method. 
The author has performed all experiments except synthesis of the FL-YO powder, all 
characterization except SEM and HR-TEM, and is the main writer of the paper. 

Paper V    
Influence of agglomeration on the transparency of yttria ceramics  
Yttria powders with different states of agglomeration inherited from the fabrication procedure 
were used in this work. Their sintering behaviour was studied through microstructural 
observations by scanning electron microscopy and optical microscopy. The observed inverse 
relationship between final density and tap density was related to the pore size distributions in 
the different agglomeration states, giving different sintering behaviours. The key to obtain 
transparency was to keep porosity intergranular, so that it can be removed subsequently by a 
hot isostatic press treatment. Intragranular porosity was found difficult to remove and could 
only be reduced to some extent by grain growth. However, pores present in the middle of the 
growing grains remained. The results in this work suggest a positive effect of using 
agglomerated powders and that pre-sintering must be stopped before grain-boundary/pore 
separation occurs. 
The author has performed all experiments, characterization and is the main writer of the 
paper.

Paper VI    
Comparison between slip-casting and uniaxial pressing for the fabrication of 
translucent yttria ceramics  
Slip casting and uniaxial pressing were compared as first consolidation stages prior to cold 
isostatic pressing (CIP) to produce translucent yttria ceramics. In the first step, yttria slurries 
suitable for slip casting were prepared.  The viscosity was optimized with respect to the 
starting agglomeration state, amount of dispersant, milling time, and number of milling balls.  
Secondly, pellets were prepared either by slip casting or uniaxial pressing and then cold-
isostatically pressed. Finally, the pellets were made translucent by a combination of pre-
sintering and hot isostatic pressing (HIP). Although slip-cast and pressed samples exhibited 
similar green-body densities after CIP and pre-sintering, the samples prepared by slip casting 
were more homogeneous in terms of translucency and microstructure throughout their bodies. 
This was attributed to the ability of slip casting to minimize density gradients during packing, 
and to the beneficial effect of ball-milling to remove hard agglomerates before casting. 
Therefore, slip casting as a first consolidation stage prior to CIP appears to be more suitable 
than uniaxial pressing in order to prepare homogeneous optical ceramics. 



73

The author has performed thermal analysis of the dispersant decomposition, all microscopy 
characterization, and is one of the main writers of the paper. 

Paper VII
Synthesis and optical properties of Yb0.6Y1.4O3 transparent ceramics  
Transparent yttrium oxide ceramics doped with 30 at% ytterbium were successfully produced 
by a combination of pre-sintering and hot isostatic pressing. The influence on the final 
transparency of different densification states and porosity configurations obtained by varying 
pre-sintering conditions were investigated by optical and electron microscopy. Our results 
show that densification prior to the final stage of sintering is necessary to limit final porosity. 
Poorly-densified pre-sintered samples were found to lead to pore entrapment because of rapid 
grain growth caused by plastic rearrangement during hot isostatic pressing. Transmittance 
measurements showed that the valence charge of the ytterbium ions was 3+ at the end of the 
process, indicating no effect of reduction when pre-sintering in vacuum was employed. 
The author has performed all experiments, all characterization except transmittance 
measurements and is the main writer of the paper. 



74



75

Paper 1 

Paper I 

Effect of drying and dewatering on yttria precursors with transient 
morphology 
J. Mouzon, O. Tillement, Y. Jorand , and M. Odén 
Journal of the American Ceramic Society, 89 [10] 3094-3100 (2006). 
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Effect of Drying and Dewatering on Yttria Precursors with Transient 
Morphology

Johanne Mouzona, Olivier Tillementb, Yves Jorandc, and Magnus Odéna

aDivision of Engineering Materials, Luleå University of Technology, 971 87 Luleå, Sweden 
bUniversité C. Bernard Lyon I, 10 rue A. M. Ampère, CNRS UMR 5620, 69622 Villeurbanne Cedex, France

cGEMPPM, INSA Lyon, UMR CNRS 5510,  20 Avenue Albert Einstein, 69621 Villeurbanne Cedex, France 

The influence of drying and dewatering of an yttrium hydroxynitrate precursor with 
transient morphology was investigated. The ability of this precursor to form soft 
agglomerated nanoparticles after calcination is dependent on the dewatering method. 
Freeze drying leads to finer particles than other dewatering methods that involve 
removal of the solvent from its liquid state. Since water is directly removed by 
sublimation during freeze-drying, this method inhibits the formation of solid bridges 
between hydroxynitrate platelets. These bridges, which form with the other dewatering 
methods, destabilize the spheroidization process of the platelets during subsequent firing 
at high temperatures.

I. Introduction 

Y2O3 is a promising solid-state laser host-material, since its thermal conductivity is twice 
as high as that of YAG1. However, since yttria has a very high melting point (2464°C), it is 
difficult to grow it as a single crystal. Lu et al.2 showed that it was possible to obtain Nd-
doped YAG ceramics with optical properties equaling the corresponding single crystal. Based 
on Lu et al. work, sintering appears to be an alternative manufacturing process to single-
crystal growth. Nevertheless, in order to limit time and temperature of the thermal treatment, 
well-sinterable nano-sized powders are required.

Different physical and chemical methods are today available to produce nanopowders. 
Chemical methods have several advantages in some respects, above all a low cost and high 
level of productivity. Precipitation is by far the most spread method to synthesize yttria 
nanoparticles. A wide range of precursor compositions have been used: hydroxide3,4,
carbonate5, hydroxy-carbonate6, oxalate7 or organic polymer precursors8.

In the case of hydroxide precipitation, when spherical nanoparticles are directly 
synthesized in aqueous solution, a gel forms and usually undergoes severe agglomeration 
upon drying because of capillary forces that force the particles in close contact with one 
another. The water removal may lead to particle bridging by hydrogen bonds between the 
excess water molecules and the free hydroxyl groups on the surface9. Further drying is 
suspected to lead to condensation between hydroxyl groups from two particle surfaces10, 11

according to the following reaction: 
M–OH + HO–M  M–O–M + H2O  (1)  
This kind of reaction can result in the formation of solid bridges between two particles, 

causing irreversible agglomeration.  
It is well known that the skeleton of precursor particles is retained in most cases after 

calcination12. Thus, the hard agglomerates present in the precursor powder are inherited by the 
calcined powder. These hard agglomerates are detrimental for reaching full density during 
sintering, since they cause non-uniform packing densities in the green-body and subsequent 
differential sintering13. It was shown that the strength of yttria agglomerates could be directly 
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related to final density14. On the other hand, soft agglomerates are inevitable and inherent to 
nanopowders, since they are composed of particles far below the critical size where 
gravitational and adhesion forces balance each other (~20 μm).  Thus, Van der Walls forces 
dominate in such powders. 

Recently, a new concept was introduced to avoid the inherent hard agglomeration of 
hydroxide nanoparticles precipitated in aqueous solution and subsequently dewatered. The 
idea is to synthesize platelets15, nano-rods16, or foams17 that decompose upon heating into 
rounded, non-agglomerated particles. Due to their shape and size, the precursor particles are 
greatly more washable than gels and usually prevent agglomeration problems because of 
limited contacts between each particle. As the precursor morphology is not retained after 
calcination, one would think that, in principle, this method should be insensitive to the method 
that is used for solvent removal. However, this study shows that it is not the case. 

In this paper, we report on the influence of dewatering of yttrium hydroxynitrate platelets 
used as yttria precursors with transient morphology. Four dewatering methods were chosen 
for their ability to give highly sinterable oxides, namely: freeze drying18 (FD), azeotropic 
distillation19 in either ethanol (Et) or iso-butanol (iB) and successive dispersions in acetone, 
toluene, and acetone20 (ATA). Drying at room temperature (RT) was also performed for 
comparison. 

II. Experimental procedure 

For the sake of clarity, Figures 1 presents a flow chart of the precipitation and dewatering 
procedures for the yttrium hydroxynitrate synthesis. 

(1) Precipitation 
To obtain the yttrium hydroxynitrate platelets, a normal-strike precipitation in batch condition 
was performed as described by Ikegami et al.15, but without the ammonium sulfate addition. 
A 0.25 mol/l mother solution of yttrium nitrate (99.99% Rhodia) was prepared by dissolution 
with ion-exchanged water (resistivity > 6 M .cm). A 2 mol/l ammonia water solution 
(Suprapur®, Merck) was used as a precipitant. 400 ml of the precipitant was dripped at a rate 
of 10 ml/min into 800 ml of the mother solution, which was held at a temperature of 10°C. 
The precipitate was then left to age for 3h at 10°C. It was recovered by suction filtration on a 
quantitative filter paper with a porosity of 1 μm (Munktell 00H). In order to remove by-
products of the reaction, dispersion in ion-exchanged water and filtration were repeated four 
times. The last filtration was carried out until the cake cracked in order to remove as much 
water as possible. 

The filtered cake was divided into five equal parts, which were dried by five different 
methods. One part received no further treatment and is referred to as room temperature drying 
(RT). Another part was redispersed in 100 mL water and was frozen in a bath of liquid 
nitrogen. Water was then removed by freeze-drying (FD). Azeotropic distillations were also 
performed in ethanol (Et) and iso-butanol (iB) to two parts of the cake according to Figure 1. 
In both cases, the powder was dispersed in 200 ml of the solvent. The removal of water was 
considered to be over when the vapor temperature reached the solvent’s boiling point, but 
distillation was carried on until most of the solvent had been distilled off. Finally, successive 
redispersions in acetone, toluene and acetone (ATA) were performed. All redispersions were 
both mechanically and ultrasonically treated and all powders were recovered by suction 
filtering, except the one that was freeze-dried. Finally, all cakes were dried at room 
temperature at 25°C in an oven equipped with a fan to enhance mass transport. Drying was 
considered to be ended when no more weight loss could be observed. 
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(2) Grinding, calcination, and sintering 
The dried cakes were first lightly ground with agate mortar and pestle, and then sieved 
through 60 and 30 m grids with nylon balls to avoid contamination. This was done to avoid 
human-biased grinding for subsequent bulkiness measurements. 

The precursors were all calcined at 1100°C in a flowing oxygen atmosphere. A heating rate 
of 300°C/h and a dwell period of 4h were used. The powders were used as calcined without 
any grinding. All samples were all uniaxially pressed into pellets in 10- and 14-mm-dies 
under 30 MPa. This was followed by isostatic pressing under 200 MPa pressure. The 
sinterability of the 10-mm pellets was studied in a dilatometer (DIL402C, Netzsch, Germany) 
with SiC heating elements at a heating rate of 600 C/h up to 1500 C in air. The 14-mm 
samples were sintered at 1600°C in a vacuum furnace with a molybdenum mesh heater at a 
heating rate of 600°C/h, with a holding time of 3h, a cooling rate of 600°C/h and under a 
pressure of 100 Pa. All samples were embedded in yttria powder.  

(3) Characterization 
To compare rapidly the agglomeration state of the different precursors, the same mass of 
powder was introduced into a plastic test tube, which was dropped hundred times from a 
constant height. The bulkiness of the powder (cm3/g) could be calculated from the final 
volume that the powder took in the tube and knowing the introduced amount.  

All precursor and oxide powders were identified by X-ray diffractometry (XRD, Philips 
X’pert MRD, Panalytical, The Netherlands) and their morphologies were observed by 
scanning electron microscopy (SEM, JSM 6460LV, JEOL, Japan). The crystallite size dXRD
was estimated from the broadening of XRD peaks, using Scherrer’s equation21:

cos
Kd XRD )1(

where  is the Bragg angle of diffraction lines, K is a shape factor taken as 0.9,  is the 
wavelength of incident X-rays (1.5406 Å), and  is the corrected full-width at half maximum 
(FWHM) given by: 

222
sm  )2(

where m is the measured FWHM and s is the FWHM of a silicon standard with large 
crystallite size (>150 nm) that was used to determine the instrumental broadening.  

Thermal decomposition of the precursors was studied by thermo-gravimetry and 
differential thermal analysis (TG-DTA, Setaram, France) in flowing oxygen with a heating 
rate of 300°C/h. The evolution of gaseous species during decomposition was studied by 
simultaneous thermal analysis and mass spectroscopy (STA 449C and Aëolos, Netzsch, 
Germany).

The specific surface area was measured by the Brunauer-Emmett-Teller method (Tristar 
300, Micromeretics, USA) on powders calcined at 800 and 1100 C. The specific surface area 
found at 1100 C was converted into particle size according to the following equation: 

BET
BET S

d
310.6  )3(

where  is the theoretical density of yttria (5,031 g.cm-3) and SBET (m2g-1) is the relative 
surface area determined by BET measurement.  

Finally, densities of the pellets were measured by the gravimetric method for green bodies 
and by water displacement according to Archimedes principle after sintering.  
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III. Results 

(1) Precursor morphology 
No matter which drying method was used, the synthesized particles have platelet morphology 
and arrange themselves as a house-of-card-like structure, i.e. with contacts between edges and 
faces only, as shown in Figure 2. It is worth to notice here that this kind of structure 
significantly limits the specific contact area between platelets. Generally, the size of the 
platelets ranges from 150 to 400 nm for the largest dimension.  

(2) Precursor composition 
Figure 3 shows the TG and DSC curves for the RT precursor. The decomposition profile is 
fairly complex with overlapping steps. With the help of mass-spectrometry data (not shown 
here), all endothermic peaks below 400°C can be attributed to water evaporation. On the other 
hand, the peak located at 530°C corresponds to evolution of NO2 and O2. Assuming that 
dehydration occurs below 200°C and decomposition of hydroxide groups between 200°C and 
400°C, the precursor stoichiometry can be approximately determined. Rare-earth hydroxy-
nitrates are known to form with the following general formula, RE2(OH)6-x(NO3)x·yH2O22. In 
our case, values of 1.12 and 0.97 were found for x and y, respectively. The other dewatered 
powders show also a nitrate stoichiometry close to 1 and slight differences in hydration state. 
Moreover, the XRD diffractogram for RT is shown in Figure 4(a). It resembles that of 
Y2(OH)5(NO3).1.5H2O23. The latter is represented in Figure 4(b) for the sake of clarity. 
Therefore, all precursors synthesized in this work can be considered to be hydrated yttrium 
pentahydroxy-nitrates.

(3) Precursor structure 
To estimate the size of the crystalline domains in the platelets, crystallite size calculation 
using Scherrer’s equation on the best-resolved diffraction peak was performed on the RT 
sample. The greatest dimension of the ordered domains is about ten times smaller than the 
actual greatest dimension of the platelets. This shows that the platelets are polycrystalline in 
nature.

(4) Precursor decomposition
No matter what dewatering method, the particles follow the same decomposition. Only 
negligible weight loss takes place over 700°C (Fig.3), the precursor is therefore nearly fully 
decomposed at this temperature. However, the platelet morphology was found to remain 
unchanged below 900°C, despite of the formation of yttria. The formation of the new oxide 
phase nuclei may be thought to occur in the skeletonized lattice of the hydroxynitrate salt, the 
available spaces being made by the loss of H2O, NO2 and O2. Then, the nuclei further develop 
to form larger grains24 until they reach the thickness of the platelets. In fact, roundly serrated 
edges can be distinguished in Fig.5(a), indicating changes in morphology. Further heating 
results in the separation of one or more grains at a time, followed by spheroidization. After 
calcination during 4h at 1100°C, the powder consists in rounded or oblong particles more or 
less bonded together (Fig.5(b)). 

(5) Influence of the dewatering methods
Of all precursors, the freeze-dried precursor gives the least agglomerated powder (Fig.5(b) to 
(f)). This observation is confirmed by bulkiness data for the precursor and corresponding 
calcined powders, BET measured specific surface area, and isotropic shrinkage during 
calcination. These data are given in Table I. Bulkiness measurements enable rapid comparison 
of the state of agglomeration of a powder. Freeze-drying appears to be the bulkiest powder 
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from the start, probably because less particle rearrangement due to capillary forces occurred 
during water removal. Nevertheless, the freeze-dried powder underwent the same five 
filtrations, resulting in the formation of dense agglomerates, which are hard to redisperse. 
Therefore, there are only small differences for the precursor bulkiness for all dewatering 
methods. FD and RT are respectively the most and least bulky powders. If we assume that the 
RT precursor differs from FD only by the fact that RT shrank more than FD, then a bulk 
shrinkage dV/V of 12.7% or a linear shrinkage dR/R of 4.2% is found. Such a small variation 
is impossible to establish by scanning electron microscopy. 

However, the bulkiness difference between freeze-drying and the other methods increased 
remarkably after calcination. In fact, the same reduction of volume was observed for all 
methods, except FD that shrank less (Table I). The bulkiness observations and the specific 
area data after calcination correlate well and suggest less agglomeration in the freeze-dried 
powder, which was also confirmed by crystal size determinations shown in Table II. 

IV. Discussion

The collapse of platelets into individual crystals can be compared with the break-done of 
polycrystalline fibers or films observed by Miller and Lange25. They argued that when a fiber 
is heated up at sufficient temperature, grain growth proceeds until single grains span the entire 
diameter of the fiber. Then, grain boundary grooves deepen and the surfaces between the 
boundaries become curved. Finally, above a certain value of the grain aspect ratio, the fiber 
can break into separate grains, since each individual grain tends to minimize its total free 
energy, which is given by 

gbgbsvsv AAE )4(
where Asv is the solid vapor surface area and Agb is the grain boundary surface area. Figure 

5(a) shows that grooving of individual grains takes place first at the edge of the platelets and 
also that the grain aspect ratio is superior to 1, which is favorable for grain separation. 

However, the main assumption in this model is that the grain centers are fixed, which in 
Miller and Lang’s study was justified by the fact that the fibers were sintered to the substrate. 
It prevented the fibers to shrink and densify, or in other words to withstand the sintering force 
that exists in a string of spheres26. If the fibers can move freely, the grain shape should evolve 
towards truncated spheres25, since the symmetry in a string of grains of equal dimensions 
inhibits further grain growth in the absence of an external perturbation.

In our case, the only way to avoid shrinkage is to have constrains like solid contacts or 
forces that would reduce the degree of mobility for shrinkage in two opposite directions in the 
plane of the platelets, as sketched in Figure 6(a). The contact points A and B between three 
platelets or fibers will give rise to true constraint. Van der Walls forces must account for most 
of these constraints and cause the homogeneous decomposition of the platelets. 

The decomposition features of the hydroxynitrate platelets were found to be independent of 
the dewatering method, except for the freeze-dried precursor. The only observable difference 
in that case is the particle morphology after calcination because of a special feature of freeze-
drying.

The most striking difference found for the freeze-dried powder is that it underwent less 
shrinkage upon calcination compared with the other powders, as indicated in Table 1. From 
Figure 5, this lower shrinkage can be interpreted as a lower extent of densification in 
comparison to the other powders. Since similar platelets were found for all drying methods, 
they should all evolve towards the same equilibrium configuration, as in the example of a 
string of spheres. For grains to sinter together and densify, the equilibrium between the nearly 
identical grains inside each platelet must be disturbed during sphereodization. This might be 
achieved by local instabilities inside the platelets, such as local densification and/or 



82

coarsening as proposed by Carter and Cannon27. Internal inhomogeneities might trigger those 
phenomena. However, it is hard to conceive why the same inhomogeneities that led to 
sintering of the grain for the RT, ATA, iB and Et powders, would not be present in the FD 
sample, since X-rays, DSC-TG and SEM characterization methods all show that the platelets 
of any precursor present the same crystal structure, chemical nature and morphology.  Instead, 
as will be discussed below, destabilization is likely to be caused by the surrounding platelets.  

From Table 1, it can be noticed that the FD sample shows the highest bulkiness, both 
before and after calcination, and a considerable higher specific surface area than the other 
powders both after calcination at 800 and 1100 C. This can be interpreted as less frequent and 
fewer contacts between the platelets in the case of FD. This is especially true at 800 C, where 
the platelets consist of yttrium oxide and have not yet undergone morphological changes. The 
other dewatering methods all remove the solvent in its liquid phase. When a solvent is 
removed by evaporation, capillary effects force the particles in contact with each other due to 
liquid bridges28, causing rearrangement of the particles. In the case of freeze-drying, water is 
removed directly from the solid to the gas phase thus avoiding capillary forces. Moreover, the 
ultrasonic treatment or the solidification to ice during freeze-drying might have caused 
breakage of contacts between the platelets.

The fact that freeze-drying efficiently limits contact between particles was confirmed when 
we studied the impact of room temperature drying and freeze drying on the decomposition of 
a needle-like normal carbonate precursor29. Freeze-drying produced powders before and after 
calcination with higher bulkiness, but the volumetric shrinkage after calcination was exactly 
the same as that of the room temperature dried-powder. As carbonates are known to avoid 
hydrogen bonds and the usual agglomeration problems associated with hydroxides, we expect 
the nature of the precursor itself to be the cause of the densification and the irregular 
decomposition in the case of hydroxynitrate platelets. 

As mentioned above, surfaces with hydroxyl groups are highly suspected to undergo 
condensation reactions, when they are heated up leading to chemical bonds between 
neighboring particles. As water is directly removed by sublimation, freeze-drying does not 
involve liquid bridges in the later stages of drying. The absence of capillary forces prevents 
close contacts and formation of these chemical bonds. On the other hand, dissolution-
reprecipitation phenomena30 must also be considered, since material might reprecipitate at 
contact points, if it has any solubility in the solvent. Local concentration of anions (e.g. 
nitrate) at contact points is likely to modify material transport kinetics. However, 
reprecipitation of dissolved salts happens continuously following the freezing front during 
freeze drying31. Any dissolved material may therefore be thought of as reprecipitating 
homogeneously on platelet surfaces during freeze-drying, thus limiting salt concentration at 
contact points. Therefore, the main feature of freeze-drying appears to be the inhibition of 
solid bridges at contact points between platelets, which either form by salt reprecipitation 
during solvent removal or condensation reaction under heating.

Neck formation is the limiting step for grain growth in very porous solids32. The solid 
bridges present from the start will favor neck formation between platelets as shown in Figure 
6(b), disturbing the metastable intra-equilibrium of the grains inside the platelets. Material 
transport can occur more easily at this stage between platelets when a large interface is 
created. This will result in differential densification and subsequent break-up as proposed by 
Carter and Cannon27. The places of break-up are suggested by dashed lines in Figure 6(b).

Because of the weak coordination of the system, spheroidization can further proceed and 
result in the configuration of Figure 6(c). It is worthwhile to notice here, that polydisperse 
distribution of the particles after spheroidization can only be due to the irregular break-up of 
the platelets.  
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Retardation of the neck formation seems to be the successful feature in the freeze-dried 
powder, leading to a more homogeneous break-up of the platelets. For instance, if we 
assumed that the platelets are 200×200×25 nm3 at 700°C, then it is source for 10 spherical 
particles of 60 nm and 2 particles of 100 nm.  

Figure 7 shows the linear shrinkage of the different samples during sintering up to 1500 C
in air. The onset of shrinkage for the FD powder is at 1069 C, while shrinkage starts at 1064, 
1047, 1014 and 948 C for ATA, iB, RT, and Et, respectively. Moreover, the FD powder 
shows by far the highest sintering rate, reaching the highest linear shrinkage at 1500 C. The 
fineness of the powder prevents reaching high green-body density during compaction due to 
the increase of adhesion forces. The low green-body density retards the onset of densification, 
since sintering has to be preceded by neck formation, enlargement of the grain boundary and 
grain growth. However, because of the weakly agglomerated state of the FD powder, a more 
homogeneous pore distribution is obtained and porosity can be removed at a higher rate.  

The better sinterability of the FD powder was also confirmed by vacuum sintering. In this 
case, the FD powder sintered to 99.8% of the theoretical density in rough vacuum at 1600°C 
during 3 hours, while the powders from the wet dewatering methods sintered to ~97-98%. In a 
previous synthesis, Ikegami et al. used doping with sulfate ions to enhance decomposition and 
prevent agglomeration during calcination15. A specific surface area of 17 m2/g was reported 
when sulfate ions were used. The slightly greater value found in this work (18.01 m2/g)
indicates an even better efficiency for freeze-drying. 

V. Conclusion 

Drying and dewatering of an yttrium hydroxynitrate precursor with transient morphology 
plays a role in the ability of this precursor to form softly agglomerated nano-particles after 
calcination. Freeze drying led to finer particles than other dewatering methods that involve 
solvent removal in the liquid phase. These differences stem from inhibition of formation of 
solid bridges between hydroxynitrate platelets during firing of the freeze-dried precursor. In 
the case of the other dewatering methods, formation of solid bridges occurs during drying and 
decomposition of the precursor under heating and might be caused by either condensation 
reaction or salt precipitation at contact points. We conclude that solid bridges favor neck-
formation between platelets at higher temperatures and thereby destabilize the homogeneous 
break-up of the platelets, since additional material transport is allowed through the new 
interfaces.
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Fig. 1. Flow chart of the precipitation and drying procedures. 

Fig. 2. Scanning electron micrograph showing the typical arrangement of platelets (here, in the case of Et). 
Typical edge/face contacts are indicated by the white open circle. 
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Fig. 3. TG and DSC responses for the RT powder. 

Fig. 4. (a) X-ray diffractogram of RT precursor. (b) Also included is the peak locations for  
Y2(OH)5(NO3).1.5H2O from Ref. 23.  
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Fig. 5. Scanning electron microscopy images showing after 4 hour calcination: (a) ATA at 900°C, (b) ATA at 
1100°C, (c) RT at 1100°C,  (d) FD at 1100°C, (e) Et at 1100°C, and (f) iB at 1100°C. 

Table I. Some properties of the different powders 
before and after calcination. 

Precursor 
bulkiness

Oxide
bulkiness

Specific 
surface area 

at 800 C

Specific 
surface area 
at 1100 C

dV/VSample 

(cm3/g) (cm3/g) (m2/g) (m2/g) (%) 
RT 3.10 1.55 25.50 10.75 -50.0 
FD 3.55 2.30 32.01 18.01 -35.2 
Et 3.50 1.75 23.93 12.59 -50.0 
iB 3.35 1.50 28.65 11.80 -55.2 
ATA 3.40 1.65 26.88 10.58 -51.5 
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Fig. 6. Two-dimensional model of a network of strings that constrained each other: (a) in a metastable 
equilibrium, (b) neck formation, and (c) spheroidization. 

Table II. Particle sizes calculated from BET 
and XRD measurements. 

Sample RT FD Et iB ATA 
dBET (nm) 110.9 66.2 94.7 101.0 112.7
dXRD (nm) 103.7 62.3 100.8 111.8 129.5

Fig. 7. Shrinkage curves of the 10-mm pellets. 
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Comparison of two different precipitation routes leading to Yb doped Y2O3
nano-particles

Johanne Mouzon, Patricia Nordell, Adrien Thomas, and Magnus Odén 

Division of Engineering Materials, Luleå University of technology, SE-971 87 LULEÅ, Sweden 

Abstract

Two different precipitation routes leading to (YbxY1-x)2O3 nano-particles (with x = 0; 0.027; 
and 0.31) were compared, namely, precipitation of hydroxynitrate platelets and amorphous 
carbonate spherical particles. For both methods, the particle morphology was observed by 
scanning electron microscopy. X-ray diffraction studies of the unit cell, energy dispersive X-
ray analysis and inductive coupled plasma spectroscopy were used to check the ytterbium 
distribution. The precipitation of amorphous carbonate was found to produce particles with 
uniform morphology and homogeneous distribution of ytterbium, while hydroxide 
precipitation favours the formation of hard and dense ytterbium-rich agglomerates. These 
differences are discussed in terms of precipitation, growth and agglomeration behaviour. The 
sinterability of both resulting powders is also discussed. 

Keywords: Powders-chemical preparation; Doping; Defects; Sintering; Y2O3

1. Introduction: 

Ytterbium doped yttria (Yb:Y2O3) is a promising laser material. Y2O3 has a thermal 
conductivity twice as large as that of YAG1 and Yb3+ is a very attractive dopant for efficient 
diode-pumped solid-state lasers. Yb3+ shows high quantum efficiency, weak non-radiative 
transitions, large crystal-field splitting, millisecond-lifetime of the metastable 2F5/2 state, and 
intense inter-Stark 2F5/2

2F7/2 transitions2. However, Yb:Y2O3 single crystals are very 
difficult to grow. Recently, it has been shown that polycrystalline Nd:YAG ceramic lasers 
could be fabricated with properties equalling those of Nd:YAG single-crystal3. Based on these 
observations, polycrystalline Yb:Y2O3 ceramic appears to be a potential candidate for laser 
applications.  

In order to manufacture a transparent polycrystalline ceramic by sintering for laser 
application, the starting powder must meet several requirements. On one hand, a small 
particle size is necessary to enhance sintering activity, since the driving force for sintering can 
be considered to be, as a first approximation, the reduction of the surface area of the porous 
compact. This will speed up material transport and enable the sintering to reach full density 
more rapidly and far below the melting temperature of the crystal. On the other hand, low 
agglomeration is desirable to avoid density gradient that are responsible for differential 
sintering, i.e. agglomerates with low-pore coordination numbers shrink first and locally 
causing porous regions with high coordination number to develop between agglomerates. 
These highly coordinated regions are then kinetically unlikely to disappear, unless particle 
rearrangement occurs4. Any remaining porosity is unacceptable for optical applications, since 
it will cause light scattering. Therefore, agglomeration in the starting powder must be limited. 

Purity is also an important issue to be controlled, both for the sintering process and for the 
future laser material. For instance, it is well-known that only a few hundreds ppm of MgO is 
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responsible for alumina to sinter to full density and transparency5. Thus, high purity of the 
raw materials is required in order to be able to sinter in a controlled way, with or without 
addition of sintering aids. From the laser point of view, impurities are often responsible for 
energy transfers and modification of the average crystal field strength6. Impurities can also 
modify the point defect distribution of the ionic crystal leading to discoloration. All these 
phenomena are detrimental to the laser properties. 

Another requirement is that dopant has to be as well-distributed as possible in the host-
matrix. Although the simple energy state of Yb3+ prevent self-quenching, it is better to avoid 
clustering and promote random distribution to obtain homogenous bulk properties. Regarding 
ceramic processing, it is often better to start with a powder with a distribution of doping 
elements similar to the desired distribution in the final material. Doping by addition of foreign 
particles containing the dopant and subsequent solid-state interdiffusion under heating will 
inevitably influence sintering if performed simultaneously. If doping is performed in a 
thermal pre-treatment, grain growth is usually required to achieve good mixing, which 
reduces the sinterability of the powder. Therefore, in order to be able to control sintering, it is 
preferable to begin with a non-agglomerated powder, in which the dopant is homogeneously 
distributed directly during powder synthesis. Co-precipitation appears as a candidate to fulfil 
all these criteria. 

Recently, two new precipitation methods have been developed leading to nanosized 
particles of yttria with a limited amount of agglomeration. The first method consists in 
synthesising open networks of platelets7, nano-rods8, or foams9 that decompose upon heating 
into spherical nano-particles. This method presents two advantages. It avoids agglomeration 
of the final powder, since the original morphology of the precursor is not retained after 
calcination. In addition, since the two former methods involve crystallisation of the precursor, 
impurities are left or rejected in the solution, thereby improving the purity of the powder.  

The second approach involves the synthesis of carbonate nano-particles. Carbonate 
precursor are considered to be less sensitive to the formation of hard agglomerates during 
dewatering, because they do not form hydrogen bonds with water10. This method has been 
shown to be very successful to co-precipitate yttrium and aluminium11,12, especially when an 
amorphous precursor was obtained. Specifically, it resulted in better cation homogeneity.  

In this paper, we investigate the ability of both methods to synthesise Yb:Y2O3 nano-
particles in terms of dopant distribution and purity. 

2. Experimental 

A precursor of each concept was chosen in the literature and their synthesis were repeated, 
namely: yttrium hydroxynitrate platelets with transient morphology7 and spherical amorphous 
particles of yttrium carbonate precursor8. For the sake of clarity, flow charts presenting both 
procedures are shown in Fig. 1. Both methods were carried out without ytterbium and by 
substituting 2.7 and 31 atomic percent of the nominal yttrium concentration by ytterbium (see 
Table 1 for details of the different samples).   

2.1. Hydroxynitrate  route 

 A 0.185 mol/l mother solution of yttrium nitrate (99.99% Rhodia) was prepared by 
dissolution with ion-exchanged water (resistivity > 6 M .cm). When doping was performed, 
2.7 and 31 at% of yttrium was substituted by ytterbium (ytterbium nitrate pentahydrate, 
99.9% Aldrich). A 2 mol/l ammonia water solution (Suprapur®, Merck) was used as a 
precipitant. 50 ml of the precipitant was dripped at a rate of 1.25 ml/min into 100 ml of the 
mother solution, which was held at a temperature of 10°C. The precipitate was then left to age 
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for 3h at the same temperature and then recovered by suction filtration. In order to reduce by-
products of the reaction to a minimum level in the precipitate, dispersion in ion-exchanged 
water and filtration were repeated four times.  

2.2. Normal carbonate route

A 0.37 mol/l mother solution of yttrium nitrate and a 2.5 mol/l ammonium hydrogen 
carbonate (AHC) solution (99,5%, Fluka) used as precipitant were prepared by dissolution. 
Similar to the hydroxynitrate route, 2.7 and 31 at% ytterbium was also substituted to yttrium 
nitrate for doping. 28 ml of the precipitant was dripped at a rate of 0.7 ml/min into 70 ml of 
the mother solution, which was held at a temperature of 25°C. The precipitate was then left to 
age for 1h. It was recovered and washed in the same manner as the hydroxynitrate precursor. 

2.3. Drying, calcination and sintering 

 During filtration all precursors formed cakes which were dried at 110°C in an oven 
equipped with a fan to enhance mass transport. Drying was considered to be ended when no 
more weight loss could be observed. Calcination was performed at 1100°C in a flowing 
oxygen atmosphere. A heating rate of 300°C/h and a dwell period of 4h were used. The 
calcined yttria powders doped with 31 at% ytterbium were sintered in order to homogenise 
the distribution of ytterbium by increasing diffusion and grain growth at high temperatures. 
Pellets were uniaxially pressed in a 14-mm-diametre die under 10 MPa. This was followed by 
cold isostatic pressing under 200 MPa pressure. The resulting pellets were sintered at 1600°C 
for 7h in air. 

2.4. Characterisation 

Particle morphology was observed by scanning electron microscopy (SEM, JSM 6460lv, 
JEOL, Japan). A small quantity of powder was dispersed by ultrasonication in methanol and 
one drop was deposited on an aluminium substrate. Samples were coated by a thin layer of 
gold to minimise charging. 

Distribution of the dopant was checked by using back-scattered electron imaging and 
energy-dispersive X-ray analysis (Oxford Instruments, United Kingdom). In order to obtain a 
flat surface, powder was mixed with epoxy resin and hardener, and then cast into a cylindrical 
mould. After hardening, the mounted sample was polished using diamonds with an averaged 
grain size of ¼ μm in the final step. 

X-ray diffractometry (XRD) with a Philips X’pert system equipped with a secondary 
monochromater and Cu K  radiation was used for phase identification and lattice parameter 
determination. Silicon powder (99% purity) was mixed with the calcinated powders and used 
as calibrant in order to obtain quantitative lattice parameter information. The sintered powders 
were pulverised using agate mortar in order to release residual stresses that might have 
affected the measurements.  Commercial powders of pure yttrium and ytterbium oxides 
(99.99% REacton, Alfa Aesar) were also used as reference samples. Peak positions were 
determined by least square fitting Gaussian functions to the 222 and 400 diffraction lines of 
yttria. The same procedure was used to check if Y and Yb had formed solid solutions in the 
case of the platelet-like precursors. In this case, a zirconium powder (98% purity) was used as 
calibrant to determine the peak locations.  

 Chemical analysis to assess doping content and purity level was performed using both ICP-
AES and HR-ICP-MS. Trace elements were analysed by 50 scans over the whole mass 
region, which corresponds to a total measuring time of 300 s. 
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3. Results and discussion 

Fig. 2 shows the powder morphology both before and after calcination of the two different 
precursors, namely, the hydroxide and carbonate powders. No obvious difference between the 
undoped and heavily-doped precursors could be distinguished for both methods. In the case of 
the precipitation by ammonia water, platelets can be observed (Fig.2 (a)). During calcination, 
the platelets decompose into small rounded particles more or less bonded to one another as 
can be seen in Fig. 2 (c). On the other hand, the carbonate precursors precipitated by AHC are 
composed of spherical particles that formed during precipitation. Fig. 2 (b) and (d) show that 
these particles remain even after calcination with some slight degree of bridging.

All precursors precipitated by ammonia water exhibit nearly identical diffractograms as the 
one depicted in Fig. 3 (a). This diffractogram resembles those of Y2(OH)5.14(NO3)0.86.H2O and 
Y2(OH)5(NO3).1.5H2O13. The platelets are of poor crystalline quality and it is the reason for 
the high background level. Values of the interplanar spacing from the peak located at around 
28.6° for all hydroxide precursors are given in Table 2. The formation of a solid solution 
cannot be established by comparing the cases of 0 and 2.7 at% ytterbium doping. However, a 
doping of 31 at % ytterbium results in a relative linear shrinkage of 0.34 % for the 
corresponding interplanar spacing indicating solid solution. The formation of a solid solution 
by substitution is not surprising, since both yttrium and ytterbium hydroxynitrates with close 
compositions of those precipitated in this work have been found to crystallise in orthorhombic 
structures under hydrothermal conditions14.

The diffractogram of the doped precursors precipitated by AHC is shown in Fig 3(b). The 
high background level and the lack of diffraction lines indicate an amorphous structure. In the 
case of the undoped sample (not shown here), weak diffraction lines could be distinguished 
that are consistent with yttrium normal carbonate Y2(CO3)3.2H2O15.

The X-ray diffractograms of all the calcinated powders (not shown here) are consistent 
with yttria16, although shifted towards higher 2  values for the doped samples. Full solubility 
is expected for mixture of yttrium and ytterbium oxides, since both oxides crystallise in the 
bixbyite structure (space group Ia3(Th

7) with Z = 16) and yttrium and ytterbium have very 
close ionic radii (87 and 90 pm, respectively).  

Table 3 presents the unit cell parameters of the different synthesised oxides, as well as for 
the Y2O3 and Yb2O3 reference samples. The unit cell parameters are also plotted in Fig. 4. The 
values found for the undoped samples are quite constant with an average value of 10.605 Å. 
This compares favourably with a value of 10.604 found in the literature16. Table 3 contains 
also the apparent content of ytterbium, Yba, which was calculated based on the measured unit 
cell parameters and Panitz and Vegard’s law17. Dimensions of 10.605 Å and 10.435 Å for the 
unit cells of yttrium and ytterbium oxides, respectively, were used for the calculations. The 
Yba values obtained for the carbonate-derived powders agree well with the nominal 
compositions, Yb0. However, calculations of Yba for the hydroxynitrate-derived powders show 
lower values than the nominal compositions. The nominal compositions of 2.7Yb:COX and 
2.7Yb:HOX were confirmed by ICP measurements (YbICP, Table 3). Thus, no ytterbium was 
lost during synthesis and ytterbium loss cannot be responsible for the larger unit cell 
parameter found for 2.7Yb:HOX and 31Yb:HOX in comparison with those found for 
2.7Yb:COX and 31Yb:COX.

Fig. 5 shows two scanning electron micrographs of the 31Yb:OH and 31Yb:CO precursors. 
In Fig. 5(a), in addition to the dark agglomerates of platelets that represents most of the 
powder, bright chip-like particles can be observed, thereby indicating the presence of a second 
phase. The size of these chip-like particles ranges from 2 to 200 μm in length. Bright chip-like 
particles can also be observed in the powder after calcination (not shown here) and contain 
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only yttrium and ytterbium apart from oxygen. Higher ytterbium content was found by EDX 
analysis in the bright regions in comparison with the dark regions, as shown in Table 4. Since 
ytterbium has an atomic number almost twice as large as yttrium it will give rise to Z-contrast 
in the micrographs and the brighter areas will contain a higher ytterbium content than the 
nominal composition and vice versa for the darker regions. The x-ray diffractograms from this 
microstructure will give rise to convoluted peaks containing information from both types of 
regions. This explains the lower theoretical ytterbium contents found in Table 3 for the 
2.7Yb:HOX and 31Yb:HOX samples, since they were inferred from the peak locations. On 
the other hand, the appearance of the 31Yb:CO sample by backscattered electron imaging is 
homogenous, as it can be seen in Fig. 5 (b). Constant ytterbium content close to the nominal 
composition was found by EDX analysis both in the as-synthesised and calcinated powders 
(31Yb:CO and 31Yb:COX in Table 4). This indicates an excellent mixing of both rare-earth 
cations directly in the precipitated particles. 

All observed bright chip-like particles appear to be dense and to be covered by platelets on 
one side and by more equiaxed but irregular particles on the other side (Fig. 6 (a)), these latter 
being richer in ytterbium than the former as they appear brighter in Fig. 6 (b). The layer of 
platelets seems to be tightly bonded to the chip-like particle and was found to extend from a 
single layer up to 100 μm. Fig. 6 (c) shows a crack in a bright chip-like particle revealing that 
it consists of equiaxed grains with sizes around 300 nm and below, as indicated by the arrows. 

In order to homogenise the distribution of ytterbium, pellets of the 31Yb:COX and 
31Yb:HOX powders were pressed and sintered at 1600°C for 7hr. In the case of 31Yb:HOX, 
Fig. 7 (a) shows that bright regions of different sizes are still present after long heat treatment 
at high temperature. After sintering, Yba increases from 24.9 to 26.1 at% (Table 3). However, 
this is still below the expected value when ytterbium is homogeneously dispersed, i.e. 
nominal composition. Very long thermal treatments would be required to distribute ytterbium 
throughout the sample. 

Moreover, numerous flaws as the ones shown in Fig. 7 (b) can be observed in the sintered 
31Yb:HOX sample. These flaws appear to be elongated and probably formed alongside chip-
like particles. Since they are dense and hard, the chip-like particles prevent achieving 
homogeneous compaction densities around them. Low density regions therefore undergo high 
shrinkage and development of porosity during sintering. The fact that porosity constantly 
develops only on one side of the chip-like particles is consistent with the asymmetric layers 
on each side. The layer of platelets observed to form on one side is already bonded to the 
chip-like particle before compaction. Thus, it should give rise to a high density during 
pressing in comparison with the opposite side.

On the other hand, sintering of the 31Yb:COX powder produces a final sample with 
homogeneous distribution of ytterbium, as indicating by the Yba value close to nominal 
composition in Table 3. Furthermore, fewer and smaller flaws developed in the material, 
thereby resulting in higher densities. This is certainly due to fewer hard agglomerates in the 
powder.

How the chip-like particles formed is unclear and requires further investigation. 
Nevertheless, the chip-like particles consist of equiaxed subunits of 100nm or less. The size of 
these subunits is similar to the hydroxide particles obtained in gels precipitated at high 
supersaturation levels. Precipitation by ammonia water of all precursors occurred at a 
relatively constant pH of 7 (Fig. 8). However, supersaturation decreases all along when 
ammonia water is added into the nitrate solution, since yttrium, hydroxide and nitrate ions 
deplete, as they take part to the formation of the insoluble precipitate. Therefore, the chip-like 
particles are likely to have formed in the beginning of the precipitation run. Moreover, 
particles rich in ytterbium are also likely to precipitate in the beginning, since ytterbium 
becomes supersaturated first compared to yttrium when pH increases18, as shown in Fig. 9. 
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Precipitation of the chip-like particles first is also consistent with the layer of platelets closely 
bonded to their surface. In fact, platelets can be thought as to have nucleated subsequently on 
the chip-like particles.  

Chemical analysis results of trace elements obtained by ICP showed that both powders 
exhibit purities  99.9%. Both methods have therefore the ability to produce high purity 
powders.

4. Conclusion 

Precipitation of amorphous carbonate from yttrium and ytterbium nitrates enables to 
synthesise particles with uniform morphology and with an excellent distribution of ytterbium. 
This feature is attributed to the intimate mixing of the rare-earth cations in the amorphous 
particles as synthesised. This kind of synthesis can be therefore called a real co-precipitation. 

However, in the investigated set of conditions, precipitation of yttrium and ytterbium 
nitrates by ammonia water leads to the formation of hydroxynitrate platelets, but also of 
ytterbium-rich particles with chip-like morphology. The chip-like particles are richer in 
ytterbium than the platelets, causing inhomogeneous distribution of ytterbium. Ytterbium 
gradients were still present after sintering in air at 1600°C for 7 hr.

The chip-like particles consist in dense agglomerates made of equiaxed hydroxide-based 
particles. The hard nature of these agglomerates prevents achieving good compaction 
densities during pressing, which leads to the formation of flaws during sintering. 
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Fig. 1. Flow chart of two different routes leading to nano-particles of Y2O3.

Table 1 
Description of the different samples. 

Table 2 
Interplanar distance calculated from the peak around 28.6° for both 
doped and undoped hydroxynitrate precursors. 

Sample Synthesis Yb
(at%)

0Yb:OH Yttrium hydroxynitrate platelets 0
2.7Yb:OH Yttrium hydroxynitrate platelets 2.7
31Yb:OH Yttrium hydroxynitrate platelets 31
0Yb:CO Amorphous yttrium carbonate 0
2.7Yb:CO Amorphous yttrium carbonate  2.7
31Yb:CO Amorphous yttrium carbonate 31
0Yb:HOX 0Yb:OH calcined at 1100°C/4h 0
2.7Yb:HOX 2.7Yb:OH calcined at 1100°C/4h 2.7
31Yb:HOX 31Yb:OH calcined at 1100°C/4h 31
0Yb:COX 0Yb:CO calcined at 1100°C/4h 0
2.7Yb:COX 2.7Yb:CO calcined at 1100°C/4h 2.7
31Yb:COX 31Yb:CO calcined at 1100°C/4h 31

Yb0 (at%) 0 2.7 31 
d (Å) 3.1103±0.0004 3.1104±0.0003 3.0985±0.0003 

Y2O3

Acidic solution of RE3+ (aq) and NO3
- (aq)

0.185 mol/l

Mixing and stirring

Aging 3h, 10°C

Aqueous solution of 
NH4OH  2 mol/l

Dripping 
1.25 ml/mn

Acidic solution of RE3+ (aq) and NO3
- (aq)

0.5 mol/l

Mixing and stirring

Aging 1h, 25°C

Aqueous solution of 
NH4HCO3  2.5 mol/l

Dripping 
0.7 ml/mn

Redispersion in deionized water and filtration x4

Calcination 1100°C, 4h

Filtration

Drying 110°C, 24h
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Fig. 2. Typical scanning electron micrographs of the precursors: (a) 0Yb:OH, (b) 31Yb:CO and the respective 
oxides: (c) 0Yb:HOX, (d) 31Yb:COX. 

Fig. 3. X-ray diffractograms of: (a) 31Yb:OH; (b) 31Yb:CO. 

   

0.2 μm 0.2 μm 
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Fig. 4. Unit cell parameters of the different powders with error bars. 

Table 3  
Unit cell dimensions of the synthesized oxides according to x-ray powder diffraction. Nominal composition 
(Yb0) is compared with ytterbium apparent content (Yba) and ICP-MS elemental analysis (YbICP).

Platelets with transient 
morphology synthesis 

Amorphous carbonate 
synthesis

Y2O3
Ref. sample

Yb2O3
Ref. sample

Yb0
(at%)

a222
(Å)

a400
(Å)

Yba
(at%)

YbICP 
(at%)

a222
(Å)

a400
(Å)

Yba
(at%)

YbICP 
(at%)

a222
(Å)

a400
(Å)

a222
(Å)

a400
(Å)

0 10.606 10.605   10.604 10.605   10.605 10.605 10.435 10.436 
2.7 10.602 10.603 1.5 2.8 10.600 10.601 2.8 2.7     
31 10.564 10.562 24.9  10.553 10.554 30.5      
31a 10.560 10.562 26.1  10.552 10.554 30.8      

aSintered at 1600°C for 7h, then pulverised. 
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Fig. 5. Scanning electron micrographs recorded in backscattered electron mode of powder particles embedded in 
epoxy resin: (a) 31Yb:OH and (b) 31Yb:CO. 

Table 4 
Ytterbium content determined by EDX spot analysis in dark and 
bright regions for all samples initially doped with 31 at%.  

Sample 31Yb:OH 31Yb:HOX 31Yb:CO 31Yb:COX 
Ybdark
(at%)

19.7±3.1
(9)

19.8±5.6
(27)

30.2±4.3
(34)

30.1±2.0
(30)

Ybbright
(at%)

51.6±8.4
(13)

55.5±4.3
(9)

In brackets, number of analysed spots.
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Fig. 6. Scanning electron micrographs showing: (a) the structure on both sides of a bright chip-like particle in 
31Yb:OH (secondary electrons), (b) a bright chip-like particle in 31Yb:HOX (backscattered electrons), and (c) a 
crack in another bright chip-like particle in 31Yb:OH (secondary electrons). 

Fig. 7. Scanning electron micrographs showing: (a) the presence of ytterbium-rich regions on the polished 
surface of the 31Yb:HOX sample sintered at 1600°C for 7 hr, (b) a typical flaw induced by an ytterbium-rich 
aggregate and observed in the same sample on a fracture surface.  
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Fig. 8. pH curve of 2.7Yb:OH in function of reactant feed mole ratio. 

Fig. 9. Solubility of Y(OH)3 (a) and Yb(OH)3 (b) in function of pH. Nominal concentration of Y3+ (c) and Yb3+

(d). Solubility products were calculated from Ref.18.  
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oxide nanopowder 

Johanne Mouzon and Magnus Odén 

Division of Engineering Materials, Luleå University of Technology, SE-971 87 LULEÅ, Sweden 

Abstract

Yttrium oxide nano-powder has been successfully synthesized by a novel approach. In the 
first step, a foamy structure was produced by combustion synthesis using yttrium nitrate and 
glycine. This was followed by the addition of sulfate ions and calcination at 1100 C for 4 hrs. 
The sulfated and unsulfated powders were characterized by X-ray powder diffraction (XRD), 
scanning electron microscope (SEM), transmission electron microscopy (TEM) and the 
Brunauer-Emmett-Teller method (BET). The sinterability of the resulting powders was also 
studied by dilatometry. The studies indicated that this method not only allows for producing 
weakly-agglomerated nano-particles, but is also a very time-efficient process in comparison to 
precipitation techniques. Moreover, the possibility of performing all processing steps in a 
fully automated batch reactor was also considered. 
Keywords: Y2O3; Powders-chemical preparation; Combustion synthesis; Sulfation  

1. Introduction: 

Yttrium oxide nano-powders are usually synthesized by wet chemical methods, namely sol-
gel and precipitation techniques [1-7]. As shown in Fig. 1 (a), precipitation techniques usually 
involve the following steps: (1) synthesis of unsoluble metal salt particles by mixing soluble 
metal salts with a precipitant in solution, (2) recovering of the particles suspended in solution 
to a divided dry state, and (3) calcination to change the metal salt into metal oxide.  

Of the three steps named above, the recovering step is the most crucial, especially when 
spherical nano-particles are directly synthesized in solution. In that case, the recovering step 
involves solid-liquid separation (e.g. filtration) and subsequent drying, which inevitably lead 
to agglomeration if performed in an uncontrolled manner. Usually, successive filtrations have 
to be performed in order to limit the presence of by-products before drying. This becomes a 
very time-consuming process with decreasing the particles size of the particles. On the other 
hand, when a solvent is removed by evaporation during drying, capillary effects force the 
particles in contact with each other due to liquid bridges [8]. Further solvent removal then 
leads to the formation of solid bridges between two particles, either by dissolution-
reprecipitation phenomena [9] or condensation reactions if hydroxyl groups are present at the 
surface [10-11]. 

For this reason, various precursor compositions were tried in order to avoid gel formation 
caused by hydroxyl groups: carbonate [2], hydroxy-carbonate [3], oxalate [4] or organic 
polymer precursors [5]. Complex precipitants like tetraalkylammonium hydroxide [6], as well 
as emulsion methods [7] were also used.  On the other hand, sophisticated drying methods 
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were introduced, as for instance freeze-drying [12]. But this latter technique is very time-
consuming.  

Recently, a new concept was introduced for the production of yttrium oxide nano-powder. 
The method consists of synthesizing yttrium oxide precursors with a morphology that is not 
retained after calcination, but decomposes into nano-particles. One example is the 
decomposition of hydroxynitrate nano-platelets into yttrium oxide nano-particles by 
calcination at 1100 C [13]. In that case, the addition of sulfate doping was shown to be 
necessary to produce full decomposition of the precursor and give highly sinterable nano-
powder. However, since the platelets are obtained by precipitation, the laborious and sensitive 
stages of filtration and drying are still present. 

One the other hand, combustion synthesis is much easier to process than precipitation 
technique, since it only involves mixing of an yttrium source, an oxidizer and a fuel, followed 
by firing the mixture. Foamy structures of metal oxides with nanometric primary particles are 
usually obtained by this process [14]. Unfortunately, the resulting agglomerated structure is so 
bulky that it is difficult to handle and not suitable for further processing, like pressing for 
instance in the case of ceramics.  

Thus, the aim of this study was to show the feasibility of a convenient process to produce 
non-agglomerated yttrium oxide nano-powder through the decomposition at high temperature 
of a foamy structure obtained by combustion synthesis and with the addition of sulfate ions.

2. Experimental 

For the sake of clarity, Fig. 1(b) presents a flow chart of the detailed experimental procedure 
that was followed. 

2.1. Foamy structure synthesis 

Yttrium nitrate (Y(NO3)3, 3.5 N solution, 99.99% Rhodia) was used as the oxidizer and 
glycine (NH2CH2COOH, pro analysi, Merck) was chosen as the fuel. A fuel-lean glycine-to-
nitrate ratio of 0.32 was employed. In a typical run, 2.49 g of glycine was added to 10 ml of 
the yttrium nitrate solution and mixed for 30 min. The resulting mixture was poured in a 
platinum crucible and then placed in a pre-heated furnace at 500 C in air. Boiling occurs first 
and was then followed by smoldering with evolution of a large amount of brown red gases, 
expelling most of the final product out of the crucible. The final product consists of flakes 
with pure white color and showing extremely low density.  

2.2. Sulfate addition

When doping was not required, the flakes were slightly crushed in a mortar and directly 
calcined as explained below. In case of sulfate ion addition, 2 g of the collected yttria flakes 
were dispersed together with 10mol% of (NH4)2SO4 (Rectapur, Merck) on the yttrium ion 
basis in 100 ml deionized water on a magnetic stirring plate. The volume occupied by the 
flakes in the beaker was far larger than 100 ml. After 10 min. stirring, the mixture was dried 
in an oven at 75 C for 24 hours. 
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2.3. Calcination 

After drying, the cake fell off very easily and could be removed from the beaker by a spoon. 
The resulting powder and lumps were placed in an alumina crucible and calcined in a tube 
furnace with oxygen gas flow at 1100 C during 4 hours. After calcination, the powder could 
be gently squeezed in a mortar with a pestle in order to produce a homogeneous powder. 

2.4. Powder characterization 

Particle morphology was observed by scanning electron microscopy (SEM, JSM 6460lv, 
JEOL, Japan) and transmission electron microscopy (TEM, JEM 2000 EX, JEOL, Japan). A 
small quantity of powder was dispersed by ultrasonication in methanol. One drop was 
deposited on an aluminium substrate for SEM viewing and another one on a carbon coated 
fine-mesh copper grid for TEM viewing.  The SEM samples were coated by a thin layer of 
gold to minimize charging. 

Phase analysis was performed by x-ray diffractometry (XRD, Philips X’pert MRD, 
Panalytical, The Netherlands). The crystallite size dXRD was estimated from the broadening of 
XRD peaks, using Scherrer’s equation [15]: 

cos
Kd XRD  )1(

where  is the Bragg angle of diffraction lines, K is a shape factor taken as 0.9,  is the 
wavelength of incident X-rays (1.5406 Å), and  is the corrected full-width at half maximum 
(FWHM) given by: 

222
sm  )2(

where m  is the measured FWHM and s  is the FWHM of a silicon standard with large 
crystallite size (>150 nm) that was used to determine the instrumental broadening. 

The specific surface area was measured by the Brunauer-Emmett-Teller method (Tristar 
300, Micromeretics, USA) on the calcined powders. The specific surface area found at 
1100 C was converted into particle size according to the following equation: 

BET
BET S

d
310.6  )3(

where  is the theoretical density of yttria (5,031 g.cm-3) and SBET (m2g-1) is the relative 
surface area determined by BET measurement.  

2.5. Sinterability study 

Samples were made by uniaxially pressing unsulfated and sulfated powder into pellets in 
10- and 14-mm-dies under 10 MPa. This was followed by isostatic pressing under 200 MPa 
pressure. The sinterability of the 10-mm pellets was studied in a dilatometer (DIL402C, 
Netzsch, Germany) with SiC heating elements at a heating rate of 600 C/h up to 1500 C in 
air. The 14-mm samples were sintered at 1600°C in the same furnace at a heating rate of 
600°C/h, with a holding time of 3h, and a cooling rate of 600°C/h.  

The densities of the pellets were measured by the gravimetric method for green bodies and 
by water displacement according to Archimedes principle after sintering.
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3. Results and discussion 

Fig. 1 compares the general procedure for a common precipitation and the transient 
morphology method based on combustion synthesis presented in this work. Both methods are 
very efficient and give high yields above 90%. Although the transient morphology method 
involves as many steps as for a classical precipitation, it can be performed much more rapidly, 
as indicated in Fig. 1. In the central columns, the estimated time ranges required to perform 
each step at laboratory scale can be found. Spans are given, because the time effectively spent 
depends on the final quantity to be produced, but also on the techniques that are used. 
Moreover, the time given here for precipitation does not include any sophisticated methods 
necessary to prevent agglomeration, e.g. freeze-drying. If one tries to limit the duration of 
chemical addition and aging to the minimum, very small nano-particles will be produced. 
However, this will render filtration more difficult and give hard lumps almost impossible to 
crush by hand after drying. 

Except for the drying and calcination steps that are as time-consuming as in the precipitation 
method, all steps in the transient morphology method are more time-efficient than in those of 
precipitation techniques. As a matter of fact, precipitation usually requires controlled addition 
of the chemicals drop by drop and some aging to grow particles with the right properties. Our 
method takes the advantages of combustion synthesis, that is, simple mixing of the reactants, 
followed by flash reaction within 10 minutes. Since boiling and firing take place in this kind 
of reaction, the final product is in the dry state. Therefore, there is no need for filtration. 

Although more handling moments have to be performed in the transient morphology 
method compared with the common precipitation method, all of them can be suppressed if 
performed in a batch reactor as shown in Fig. 2. A fully automated batch process could be 
driven provided the right scaling of the reactor, especially in height, since the obtained foam 
is very bulky in comparison to the volume of the original solution. Suitable feedthroughs, 
stirring and heating mechanisms would also be required. As it will be shown below, the major 
breakthrough in this process is that the foamy morphology is not retained and falls down 
during calcination. This renders grinding after sulfate addition optional, possibly if the 
powder needs to be transported into another container for calcination.

The foamy structure obtained by combustion synthesis was observed by scanning electron 
microscopy (SEM). The foam was found to break into micro-sized lumps during dispersion 
into water. Fig. 3(a) shows the overall appearance of the foam fragments. They range from 2 
to 10 microns and present fractal morphology. Thanks to this morphology and their size, 
agglomeration problems can be avoided when dispersed in water, despite of strong hydration 
and hydrogen bonds causing gel formation. This ability is due to the limited contacts allowed 
between foam fragments, even in the presence of capillary forces during drying. 

The foamy structure after combustion synthesis was found to consist in spherical open cells 
at two different length scales. At low magnifications (Fig. 3(a)), cells from 0.5 to 5 μm can be 
distinguished. The thickness of the cell walls varies from 0.1 to 2 μm. Fig. 3 (b) shows the 
fracture surface of the foam wall at high magnification. Here also a cellular structure can be 
observed. This time, the cell size lies below 500 nm, but accurate details can not be seen 
because the sample was covered by a thin layer of gold (~10 nm) for conductivity purpose. 
Therefore, transmission electron microscopy (TEM) was performed to study in more details 
the structure of the foam at nano-scale. Fig. 4 shows a typical TEM micrograph of a foam 
fragment. The cellular structure is also present at high magnification.  

In Fig. 4, it can also be noticed that the walls of the cells are composed of individual 
crystallites below 10 nm. This result was confirmed by crystallite size measurements using X-
ray diffraction (XRD) and the peak broadening technique. The average size of the crystal in 
the foamy structure was found to be 6.2 nm, as indicated in Table 1.  
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The phase composition of the product after combustion synthesis and sulfate addition was 
also analyzed by XRD. Fig. 5 (a) presents the diffractogram of the corresponding powder 
after combustion synthesis. It can be noticed that the diffraction peaks that can be 
distinguished are fairly consistent with those of yttrium oxide [16], but the peak around 10  is 
characteristic of yttrium hydroxide or yttrium hydroxynitrate compounds. This confirms the 
fact that hydroxide groups have formed on the surface of the particles. The extent of 
hydroxylation is thought to be related to the slow drying rate at 75 C, which has caused the 
powder to remain in water for a prolonged period. So calcination is required in any case to 
achieve the oxide phase and higher purity. After calcination at 1100 C, pure yttrium oxide is 
obtained, as shown in Fig. 5 (b).

At this stage of processing, despite of the very fine grain size, the morphology of the 
aggregates is highly unfavorable for reaching high packing density, which is usually preferred 
to sinter ceramics to full density.  

The morphology of the unsulfated powder after calcination can be observed in Fig. 6 (a). 
The inhibition of the densifying diffusion mechanisms was not sufficiently effective to 
prevent welding between neighboring particles. Therefore, the cellular skeleton is retained. 
On the other hand, Fig. 6 (b) shows that the foamy structure totally collapsed when sulfate 
ions were added and that nano-particles were successfully produced for a reason that is not yet 
fully understood.

This result was confirmed by crystallite size measurement by XRD, as shown in Table 1. 
The average crystallite after calcination, dXRD, for the sulfated powder is 84.6 nm, while it 
reaches 111.6 nm in the unsulfated case. The equivalent BET particle diameter of the sulfated 
powder, dBET, was calculated to be 77.9 nm, which is very close to the crystallite size and 
shows the weak agglomeration state of the powder. This comparison is allowed by the fact 
that the particles have approximately spherical morphology. 

The excellent sinterability of the powder produced in this work can be seen in Fig. 7. It 
shows the dilatometry results of pressed pellets, both for the sulfated and unsulfated cases. 
The low agglomeration of the sulfated powder enables the sample to shrink much further than 
the unsulfated sample and to reach higher densities, as shown in Table 2. The sulfated powder 
sinters to 96.3% of theoretical density after sintering at 1600 C during 3 hours in air, while 
the unsulfated sample only reaches 93.8%. 

4. Conclusion 

In summary, a novel approach for the synthesis of yttrium oxide nano-powder has been 
developed. It consists in the direct formation of a foamy structure by combustion synthesis 
followed by the addition of sulfate ions and calcination at high temperature. This method not 
only allows producing weak-agglomerated nano-particles, but it is also a very time-efficient 
process. Its characteristic feature lies in its ability to skip the filtration and drying processing 
steps commonly encountered in precipitation techniques. Moreover, the possibility of 
performing all processing steps in a fully automated batch reactor was also considered. 
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Fig. 1. Flow chart of: (a) a common precipitation procedure and (b) this transient morphology 
method based on combustion synthesis. Typical time ranges for the different steps are 
indicated in the central columns, as well as the need for handling between two different steps. 
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Fig. 2. Schematic representation of a batch process for the transient morphology method 
based on combustion morphology. 

Fig. 3. Scanning electron micrographs showing the cellular appearance of the foam produced 
by combustion synthesis: (a) at low magnification, (b) at high magnification. 
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Fig. 4. Transmission electron micrograph showing the nano-crystallites aggregated into a 
three-dimensional network. 

Table 1 
Crystallite size data 
Sample Before 

calcination
Calcined
undoped

Calcined
doped

dXRD (nm) 6.2 111.6 84.6 
dBET (nm) 26.1 n.d. 77.9 

Fig. 5. X-ray diffractograms of the powder: (a) after combustion synthesis and sulfate 
addition; (b) after calcination. 
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Fig. 6. Scanning electron micrograph showing: (a) the powder after calcination without 
sulfate addition; (b) the powder after calcination with sulfate addition. 

Fig. 7. Dilatometry results for the undoped and doped samples. 

Table 2 
Density data 
Sample Green-body 

density (%) 
Final

Density (%)
Undoped sample 44.5 93.8 
Doped sample 51.0 96.3 
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Synthesis of yttria nanoparticles based on the collapse of sulfated cellular 
nanostructures

Johanne Mouzon, Mark Terner, Nicolas Marrauld, Charlotte Andersson, and Magnus Odén 
Divisions of Engineering Materials and Chemical Technology, Luleå University of Technology, 971 87 Luleå, 
Sweden 

Yttria nanoparticles were synthesized by a novel method based on combustion synthesis, 
sulfation with ammonium sulfate and calcination at high temperature. The effect of starting 
cellular structure morphology, sulfate content and calcination temperature on the final particle 
size and agglomeration state were investigated. The resulting powders were characterized at 
different processing stages by differential scanning calorimetry, thermogravimetry, mass 
spectroscopy, x-ray diffraction, scanning electron microscopy and high-resolution 
transmission electron microscopy. Complete collapse of the original cell structure into weakly 
agglomerated nanoparticles was obtained by fuel-lean combustion synthesis with 10 mol% 
ammonium sulfate followed by calcination at 1100 C for 4 hours. A fine primary particle size 
of the starting cellular structure and the formation of surface oxysulfur species were found to 
be necessary for the success of this method.   

I. INTRODUCTION 

Yttrium oxide is a material that can be sintered to transparency1,2. Its properties include 
high thermal conductivity, high thermal stability, low thermal expansion, high melting point, 
chemical stability and good transparency to infrared radiation3. It is therefore an interesting 
candidate for high technology applications, such as missile domes4, infrared windows5 or 
laser host materials6.

In order to sinter ceramics to full-density it is widely accepted that it is desirable to start 
with a high-purity and reactive nanopowder. Yttrium oxide nanopowders are usually 
synthesized by wet chemical methods, namely sol-gel and precipitation techniques7,8,9,10.
Precipitation is a relatively convenient and cost-effective process for powder synthesis, 
however, solid-liquid separation (e.g. filtration) subsequently followed by drying is a time-
consuming step and inherently leads to agglomeration problems. 

During the last decade, combustion synthesis has been investigated to synthesize yttrium 
oxide powders11,12,13. It is much easier to process than precipitation techniques, since it only 
involves a mixing of an yttrium source, an oxidizer and a fuel, followed by firing the mixture. 
Foamy structures with nanometric primary particles are usually obtained by this process. 
Unfortunately, the resulting agglomerated structure is so bulky that it is difficult to handle and 
not suitable for further processing, like pressing for instance.  

Recently, we reported and proposed a time-efficient and convenient process to produce 
weakly-agglomerated yttrium oxide nano-powder14. It is based on the calcination at high 
temperature of a foamy structure obtained by combustion synthesis previously sulfated by 
addition of ammonium sulfate. The novel feature of this method is that the filtration and 
drying steps required by precipitation methods are avoided. However, these materials have 
not yet been characterized in detail. 

In this paper, we report on the investigation of the effect of the starting foamy structure 
morphology, sulfate content and calcination temperature on the final particle size and 
agglomeration state of yttria powder obtained by the aforementioned process. Optimal process 
parameters are established and their influence on the success of this method is discussed. 
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II. EXPERIMENTAL PROCEDURE 

A. Foamy structure preparation 

Foamy structures were prepared by combustion synthesis. Yttrium nitrate (Y(NO3)3, 3.5 N 
solution containing an excess of nitric acid of 0.1 mol/l, 99.99% Rhodia) was used as the 
oxidizer and glycine (NH2CH2COOH, pro analysi, Merck) was chosen as the fuel. The fuel 
(glycine) to oxidizer (nitrate) ratio (G/N) plays a crucial role in determining the exothermicity 
of the reaction and therefore controls the final morphology of the foamy structure and the 
primary particle size. Two different foamy structures were produced by varying the G/N ratio. 
Both a stoichiometric and fuel-lean mixtures were investigated, corresponding to G/N ratios 
of 0.56 and 0.32, respectively. Equation 1 describes the theoretical stoichiometric case 
assuming complete combustion and that no atmospheric oxygen is consumed: 

6Y(NO3)3 + 10NH2CH2COOH  3Y2O3 + 20CO2 + 25H2O + 14N2 (1)

In that case, the ratio between the total oxidizing and reducing valences of the yttrium 
nitrate and glycine was maintained at unity, as proposed by Jain15. This ensures that the 
evolution of heat is maximized. The valence of nitrogen was not considered because it is 
assumed to be fully converted to molecular nitrogen (N2).

In the stoichiometric run, 10 ml of the yttrium nitrate solution was mixed with 4.39 g of 
glycine. In order to account for the solubility limit of glycine (2.252 10-1 kg/l in water at 
25 C), 17.60 ml of deionized water was further added.  In the fuel-lean case, glycine was 
added to 10 ml of the yttrium nitrate solution until the solubility limit was reached. A quantity 
of 2.5 g glycine could be introduced, which is higher than the solubility value given above. 
The excess glycine was removed by sedimentation. 

All mixtures were transferred into a platinum crucible and then placed in a pre-heated 
furnace at 500 C in air. Boiling occured first and slowed down some seconds before reaction. 
Self-sustained combustion started after 5 and 4 min for the stoichiometric and fuel-lean ratio, 
respectively. In the case of a stoichiometric ratio, the flame was intense and the evolution of 
gases vigorous, expelling most of the final product out of the crucible. The phenomenon 
lasted 5 seconds. The evolved gases were almost colorless, while in the fuel-lean case, a 
brown red smoke was produced for approximately 1 min after onset of the combustion, which 
was less intense than in the previous case and lasted 10 seconds. In both cases, the powders 
spent 5 min in the furnace after completion of the reaction. The final products consisted of 
pure white flakes with extremely low density. 

In the following, the yttrium oxide powders derived from the foams obtained by the 
stoichiometric and fuel-lean processes will be denoted by ST-YO and FL-YO, respectively. 
The amount of ammonium sulfate (AS) added to the powder is indicated by the number 
preceding the letter S at the end of name. The number corresponds to mol% on the basis of 
yttrium ions. 

B. Sulfate addition 

Sulfation of the as-prepared yttrium oxide foamy structures was performed by 
impregnation with aqueous solutions of ammonium sulfate (NH4)2SO4, 99% Fluka). The 
powders were dispersed in these solutions during 10 min in glass containers on a magnetic 
stirrer and with a constant solid load of 0.02 kg/l. The dispersions were subsequently dried in 
an oven at 120 C for 4 hours. The sulfate content in the aqueous solutions was varied between 
0 and 200 mol% on the yttrium ion basis.  
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C. Calcination 

After drying, the powders were scraped from the bottom of the glass containers without 
effort. The powders were then placed in alumina boats and calcined in a tube furnace at 
different temperature between 650 and 1300 C for 4 hours at a heating rate of 300 C/min and 
with an oxygen gas flow of 100 ml/min. 

D. Powder Characterization 

The morphologies of the different synthesized powders were observed by scanning 
electron microscopy (SEM). A small amount of powder was dispersed in methanol by 
ultrasonication for 3 min. One drop was placed on an aluminium pin and dried. Examination 
of the foamy structures was performed without coating in a low vacuum microscope (W 
filament, JSM 6460LV, JEOL, Japan), while the calcined powders samples were coated with 
a thin gold layer and view under high vacuum conditions (LaB6 filament, XL30, Philips, The 
Netherlands).

For transmission electron microscopy characterization (TEM), a small amount of powder 
was dispersed ultrasonically in isopropanol for 15 min. Two drops of the solution was placed 
onto amorphous carbon-coated Cu grids, and dried. The characterization was performed in a 
high-resolution FEG-TEM running at 200kV (Tecnai F20, Fei Company, The Netherlands). 

Phase analysis and crystallite size determination was performed by x-ray diffractometry 
(XRD, Philips X’pert MRD, Panalytical, The Netherlands). The crystallite size dXRD was 
estimated from the broadening of XRD peaks, using Scherrer’s equation16:

cos
Kd XRD  (2) 

where  is the Bragg angle of diffraction lines, K is a shape factor taken as 0.9,  is the 
wavelength of incident X-rays (1.5406 Å), and  is the corrected full-width at half maximum 
(FWHM) given by: 

222
sm  (3) 

where m is the measured FWHM and s is the FWHM of a silicon standard with large 
crystallite size (>150 nm) that was used to determine the instrumental broadening.  

Thermal decomposition of the precursors was studied by thermo-gravimetry and 
differential thermal analysis (STA 449C, Netzsch, Germany) in flowing helium with a heating 
rate of 300°C/h. This equipment was coupled to a mass spectrometer (Aëolos, Netzsch, 
Germany) in order to identify the gaseous species evolving during decomposition. 

III. RESULTS AND DISCUSSION 

A. Characterization of the starting foamy structures 

The different morphologies obtained by varying the G/N ratio of the as-synthesized foams 
are shown in Figure 1. In Fig. 1(a), the FL-YO foam was found to consist of a cellular 
structure with three levels. At the largest level, microscopic open cells can be distinguished 
with a wide size distribution and nearly equiaxed shape. The cell wall marked A shows the 
second level as it is also a cellular structure with circular voids of approximately 0.4 μm. The 
third level is shown in Fig. 1(b). Even the building blocks of the second layer are found to 
consist of a voided structure, having equiaxed voids of approximately 10 nm, but this time 
nano-sized primary particles constitute the walls. Fig. 1(c) shows crystalline lattice fringes 
from these primary particles. Ideal cellular structures with monodispersed cell size 
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distribution can be divided into unit cells. The region labeled B and delimited by the three 
dashed lines in Fig 1(b) can be thought of as being such a unit cell repeated throughout the 
structure. This kind of subunit corresponds to cell vertices where material density is the 
densest and is delimited by the middle of the cell edges.  

In the ST-YO powder (Fig. 1(d)), a different cellular structure is found. Most of the cells 
have an oblong shape, as if the structure is stretched in one direction. HR-TEM (Fig. 1(e)) 
shows that the cell walls are composed of primary particles with a broad size distribution (25- 
100 nm). The primary particles have a faceted shape and flat grain boundaries. Chains of 
primary particles in a so-called bamboo configuration17 make up the cell edges, as indicated 
by the arrow C.

The x-ray diffractograms shown in Figure 2 were found to match that of Y2O3
18

. The 
average crystallite size extracted by eq (2) and (3) from the x-ray diffraction data, is given in 
Table 1 for all foams investigated. The values of 5.4 (FL-YO) and 43.5 (ST-YO) nm are in 
agreement with the electron microscopy observations.  

Based on the thermogravimetry results shown in Figure 3(a) we conclude that the ST-YO 
powder is the purest. It only shows a weight loss inferior to 1% upon heating to 1300 C. This 
weight loss is mainly related to water desorption below 200 C, dehydroxylation and evolution 
of carbon dioxide of unknown origin at 350 C. On the other hand, a larger mass is lost by the 
FL-YO powder, nearly 9.5% (Figure 3(b)). Here again water desorption was detected below 
300 C and carbon dioxide at 350 . The larger weight loss of the FL-YO below 400 C is 
probably due to its greater specific surface area. However, the weight loss steps taking place 
between 400 and 800 C are related to evolution of NO and O2 at 500 C and CO2 at 600 C.
The presence of nitrogen monoxide is not surprising since it was in large excess in the starting 
solution, but the evolution of carbone dioxide at 600 C seems to indicate the presence of 
carbonate groups at the surface of the yttria particles.

In fact most of the observed differences in morphology and purity between ST-YO and FL-
YO can be related to the exothermicity reached during the reactions with the two different 
G/N ratios. Flame temperature during glycine-nitrate combustion was measured to be 
maximal for the stoichiometric G/N ratio19. The higher temperature causes larger grains to 
form, but the violent gas evolution might be responsible for the elongated structure forming in 
a direction corresponding to the direction of gas flow. A stoichiometric ratio also improves 
purity because no by-products remained and the high temperature would ease any minor by-
product removal. In the fuel-lean case, the red-brown smoke is related to NOx gases from the 
decomposition of the excess nitrates. An extra time of 5 min spent in the furnace at 500 C
was not sufficient to remove the excess nitrate. 

B. The effect of calcination with and without sulfation 

Figure 4 shows the evolution of the crystallite size of calcined ST-YO and FL-YO powders 
as a function of the AS additions. Sulfate addition was found to have no effect on the ST-YO 
powder at concentration 20 mol%. On the other hand, addition of only 1 mol% decreases the 
crystallite size by 35% in the FL-YO powder. A minimum size of 65 nm is observed for an 
addition of 10mol%, before the crystallite size increases, similar to the ST-YO sample, at 
higher sulfate contents. The effect of sulfate addition on the FL-YO powder can be seen in 
Figure 5 when comparing addition of 1 (Fig. 5(a)) and 10 mol% (Fig. 5(b)). An addition of 10 
mol% AS leads to the complete collapse of the cellular structure after calcination at 1100 C
for 4 hr, contrary to the 1 mol% AS addition. No grinding was employed after the calcination 
treatment. 

Figures 6 (a) and (b) show the types of morphologies that were obtained after calcination at 
1100 C for 4hr without AS addition to the ST-YO and FL-YO foams, respectively. In both 
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cases the cellular structures have been retained, but show differences in size and shape. In the 
ST-YO powder (Fig. 6(a)), grain growth has occurred, but the configuration of the grains is 
relatively unchanged. Bamboo configurations are still present, as indicated by the arrows. 
They are similar to that observed by Miller17 in polycrystalline fibers when heated at high 
temperature. Prolonged heating of this configuration caused the fibers to break into separate 
grains, since the grain centers were fixed and sintered to a substrate. This constraint was 
responsible for the triggering of non-densifying diffusion mechanisms, like surface diffusion, 
which promotes grain separation20. The absence of constraints to resist shrinkage might be 
responsible for non-separation of the grains in the cellular structure of ST-YO. In the FL-YO 
powder (Fig. 6(b)), substantial grain growth occurred during calcination compared with the 
ST-YO powder and an average crystallite size of 107 nm was determined. In the new 
configuration of FL-YO, the grains show a wide size distribution and are sintered together.  

Figure 6 (c-f) shows the microstructures of FL-YO obtained after calcination at 1100 C for 
4 h and for different AS amounts. Two different types of particles are observed and their 
relative content is affected by the amount of added AS. Fig. 6(c) shows that an addition of 
1mol% AS prevents sintering from occurring between neighboring particles and keeps the 
particle size distribution more narrow in comparison to no AS addition (Fig. 6(b)). For an 
addition of 10 mol% AS, the least agglomerated state is caused by the full spherodization of 
individual particles below 100 nm, as shown in Fig. 6(d). Fine particles can also be seen in 
Fig. 6(e), but also the second type of particles with a diameter of more than 150 nm. At still 
higher sulfate additions, only large particles can be found as shown in Fig. 6(f). Apparently, 
the two types of particles evolve differently: one is restricted in size by the addition of AS and 
the other one grows considerably in size. The volume fraction of the larger particles increases 
with AS addition which is consistent with the measured crystal size. At large AS additions the 
average particle size is dominated by the second type of particles. 

C. Identification of various oxysulfur species  

In order to understand the effect of sulfation on final crystallite size in FL-YO, thermal 
analysis (Figure 7) combined with x-ray diffraction (Figure 8) were performed to identify the 
intermediary sulfur species that form as a function of AS addition. 

1. Ammonium sulfate additions of 200 and 50 mol% 

Figure 7(a) shows the thermogravimetry and differential scanning calorimetry results for 
200 mol% AS addition. At this large sulfate addition, the results resemble those found for the 
sulfation with ammonium sulfate of other oxides such as Al2O3

21 and CeO2
22. From the mass 

spectroscopy data, weight losses below 500 C can be attributed to deammoniation, 
dehydration and desulfurization of unreacted (NH4)2SO4 crystals. Peaks 5 and 6 in Fig. 7 at 
890 and 1040 C, respectively, are also associated with the evolution of SO2. This indicates 
the presence of two different intermediary products containing sulfur species, which were 
identified to be Y2(SO4)3

23 and Y2O2SO4
24,25 by x-ray diffraction at 750 (not shown) and 

950 C (Fig. 8(a)), respectively. Y2O2SO4 is known to be an intermediary product during the 
decomposition of Y2(SO4)3

24 in air. It is interesting to notice here that 200% AS addition 
results in complete conversion of Y2O3 to Y2O2SO4 at 950 C since the main peak of yttrium 
oxide cannot be detected in Figure 8(a). 

On the other hand, only one desulfurization step can be distinguished for 50% AS addition 
to the FL-YO powder in Figure 7(b) starting after 790 C. The presence of Y2O2SO4 at 950 C
is confirmed by x-ray diffraction (Fig. 8(b)). The diffractogram also shows that most of the 
Y2O3 was converted into Y2O2SO4. Note that an addition of 50 mol% AS to yttria is what is 
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required to fully produce Y2O2SO4, however, full conversion was not achieved. By assigning 
the weight loss to the following decomposition reaction: 
Y2O2SO4  Y2O3 + SO2 + ½O2  (6) 
the actual sulfur molar concentration contained in the powder, CS

a, was found to be different 
to the initial concentration introduced in solution, CS

0, as shown in Table 1. The loss of AS 
occurred in the drying step when some ammonium sulfate recrystallized, which remained at 
the bottom of the glass container.  

2. Ammonium sulfate addition of less than 50 mol% 

For AS addition <50 mol%, all samples showed a thermogravimetry curve of the type 
shown for 10 mol% AS addition in Figure 7(b). Only one desulfurization weight loss step is 
present. This suggests that only one type of oxysulfur compound is present, with a 
composition close to Y2O2SO4. The composition is based on the desulfurization reaction (6) 
and the measured weight losses converted to concentrations (Table 1). Moreover, the presence 
of Y2O2SO4 at 950 C in FL-YO-10S is also confirmed by x-ray diffraction in Fig. 8(c).

However, at 790 C before the onset of desulfurization, the presence of crystalline Y2O2SO4

at 790 C can only just be detected (Fig. 9(d)). In fact, from 790 to 950 C, formation of 
crystalline Y2O2SO4 is taking place, while SO2 is simultaneously being released. To 
understand this phenomenon the sulfur content remaining at 950 C was estimated by two 
methods. On one hand, estimation of the Y2O2SO4: Y2O3 volume ratio from the main 
diffraction peaks of both compounds at 950 C gives a value of 15:100. This corresponds to a 
weight ratio of 14.36:100 and a molar ratio of 10.6:100, using the densities and molar weights 
of both compounds. Thus the quantity of crystalline Y2O2SO4 detected by XRD at 950 C
represents a content of 4.8 mol% of sulfur on the basis of yttrium ions. On the other hand, 4.7 
mol% of sulfur is found to remain in FL-YO-10S at 950 C by estimation of the reaction yield 
from integration of the 1st derivative of the desulfurization step in the thermogravimetry 
curve. Both values agree favorably with each other, therefore, it can be concluded that only 
crystalline Y2O2SO4 is present at 950 C and probably at its maximal concentration, since the 
desulfurization step at this temperature is at its highest rate.  

A sulfur concentration of 4.7-4.8 mol% is less than the sulfur content measured by 
thermogravimetry (11.1 mol%) for the entire desulfurization step, as shown in Table 1. In 
addition to this, the evolution of SO2 while Y2O2SO4 continues to crystallize suggests that 
another oxysulfur species undetectable by XRD is present below 950 C. Its decomposition 
between 790 C and 950 C might even contribute to the formation of more Y2O2SO4.

Depending on the sulfation method, metal oxides are known to give two kinds of products 
upon heating depending on surface coverage. First, a variety of surface species can form, such 
as: SO3

2  -, SO4
2 -, HSO4

1-, S2O7
2 –, and SO3 -like species26. At higher surface coverage, subsurface 

metal sulfates were identified in -Al2O3
27, MgO28, and CeO29 at surface coverages of 2, 0.7, 

and 3.5 μmol/m2, respectively. These subsurface compounds were identified by IR, Raman, 
and XPS spectroscopy but no crystalline phase could be identified by XRD. In the case of 
CeO2, Hedges and Yeh30 proposed the presence of a highly dispersed, amorphous sulfate layer 
of composition Ce2(SO4)3. This amorphous surface layer was confirmed by Twu et al.22 and 
shown to decompose to CeOSO4, an oxysulfate intermediary product of CeO2 as Y2O2SO4 for 
Y2O3. Since Y2O3 is a rare-earth oxide like CeO2 and the surface coverage used for the FL-
YO-10S sample represents 21.5 μmol/m2, we infer the presence of XRD-invisible amorphous 
sulfate compound or surface oxysulfur species or a mixture of both in the FL-YO powders 
sulfated with AS addition <50 mol%.  

The presence of an amorphous subsurface sulfate compound and/or surface oxysulfur 
species is also supported by the low onset temperatures of desulfurization observed in all FL-
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YO samples for AS addition below 50 mol% (see Table 2). In fact, desulfurization of bulk 
Y2O2SO4 starts between 971 and 984 C according to Tomaszwicz25, which is in accord with 
the onset temperatures found for FL-YO-50S and FL-YO-200S, which are fully or almost 
fully converted to Y2O2SO4.

D. The role of the different oxysulfur species in this process 

1. Bulk Y2O2SO4 and Y2(SO4)3

Our observations show that high sulfur containing samples have coarsened already at 
790 C and 950 C. Thus, the second type of particles with a coarse globular morphology 
found at 1100 C (Fig. 6(f)) are caused by the formation of bulk Y2(SO4)3 and Y2O2SO4. The 
larger particles observed in Fig. 6(e) for 20 ml% AS addition can therefore also be thought to 
be inherited from the formation of bulk Y2O2SO4. This is also consistent with the narrow 
XRD peaks for Y2O2SO4 in Fig. 8(a-c). 

Figure 9(a) shows an agglomerate in FL-YO-10S after calcination at 790 C for 4 hrs 
viewed by TEM. The particular shape of the different main parts and the fact they are linked 
by narrow necks suggests a transformation into globular regions. Thus, this type of 
agglomerate is thought to be related to regions where bulk Y2O2SO4 is about to form. In Fig. 
9(b), some crystallinity is confirmed by selected area diffraction analysis confirming the 
presence of cubic structured crystals. Figure 9(c) shows a small crystal embedded in an 
amorphous matrix, which was typical in this kind of agglomerates. The presence of a bulky 
amorphous phase indicates that direct formation of bulk crystalline Y2O2SO4 is occurring 
through the formation of a liquid or gel phase. However, further investigations are required to 
establish whether a large concentration of sulfur is present in this type of agglomerate. 

The formation of bulk crystalline Y2O2SO4 must be prevented because of the coarse and 
agglomerated particles that it produces. The fact that it forms only locally in ST-YO-10S and 
ST-YO-20S suggests sulfate concentration heterogeneity. Instead of AS, a more 
homogeneous process might be possible by direct sulfation with SO2 and O2 gas, which is the 
most common sulfation technique to activate catalysts31.

2. Surface oxysulfur species 

A different type of agglomerates that also could be identified by TEM in FL-YO-10S after 
calcination at 790 C is shown in Fig. 9(d). This type of agglomerate consists of primary 
particles between 5 and 10 nm, which is in accord with the average crystallite size found by 
XRD (9 nm). Therefore this agglomerate is representative of the majority of the FL-YO-10S 
sample and is probably influenced by surface oxysulfur species.  

A comparison of Fig. 1(b) and Fig. 9(d) shows that the relatively regular cellular structure 
in the as-prepared state disappeared after calcination at 790 C. But the structure at 790 C is 
still quite open and expanded, though exhibiting dense polycrystalline subunits as shown in 
Fig. 9 (e) and (f). Such a subunit is below 20 nm and is thought to come from the 
aforementioned unit cell in the original cellular structure.  

Figure 10 shows the crystallite size evolution as a function of temperature for the FL-YO 
powder with 0 and 10 mol% AS additions. Both cases show two different regimes varying 
approximately linearly with temperature. In the case of 0 mol%, almost no grain growth 
occurs at temperatures below 730 C. From 730 C, rapid grain growth takes place and the 
crystallite size increases rapidly. The same phenomenon can be observed with the FL-YO 
powder to which 10 mol% sulfate was added before calcination. However, the onset of rapid 
grain growth is shifted to 950 C, i.e. at the temperature of complete decomposition of the 
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surface oxysulfur species. This indicates that these latter effectively retard grain-growth 
before their total disappearance. From 950 C and in comparison to the case without sulfate 
addition, grain size grows at a higher rate and finally reaches the same value at around 
1350 C.

From extrapolation of the two grain growth regimes in Figure 10, the onset of rapid grain 
growth in the FL-YO powder seems to start at the same critical crystallite size (13 nm), 
irrespective of sulfate addition. This constant critical size suggests a relationship to a 
structural dimension matching the unit cell of the cellular structure. For grain growth to 
proceed any further, it must first take place in these denser polycrystalline regions irrespective 
of sulfate addition. However, the differences observed in Fig. 6(b) and (d) suggest that some 
other processes take place between 730 and 950 C in the sulfated case and enable 
homogenization of the structure, while little grain growth occurs.  

The dimensions of the primary particles in FL-YO at 950 C are below 15 nm, hence this 
renders observation of morphological changes difficult to resolve by SEM. Figure 11 shows 
the morphology of ST-YO-10S after calcination at 950 C for 4 hr. Although the resolution of 
the micrograph is limited and the sample is covered by a gold layer of 10 nm, a homogeneous 
distribution of domains below 40 nm and separated by relatively uniform porosity of 20 nm 
on average can be observed. In fact, SEM observations of FL-YO-10S after calcination at 
950, 1000, and 1050 C indicate similar configurations with narrow grain size and shape 
distribution at all temperatures. These configurations resemble that of FL-YO-1S in Fig. 6(c), 
except for a magnification factor. In contrast, a broad size distribution was found at all 
temperatures in FL-YO without sulfate addition, as in Fig. 6(b).  

The configurations with narrow size and shape distribution must have formed through non-
densifying diffusion mechanisms. Ikegami et al.32 confirmed by SEM observations that 
sulfation with AS of yttria nanopowder of 15 nm inhibits volume diffusion and/or grain-
boundary diffusion, but enhances surface diffusion or evaporation-condensation. The latter 
mechanisms were responsible for the slow particle growth and pore growth below 950 C,
which is consistent with our observations.

Therefore, it can be concluded that the success of this method can be imparted to the 
relatively regular cellular structure of the starting foam and its homogenization during heat 
treatment by non-densifying diffusion mechanisms triggered by surface oxysulfur species. 
The original open cellular structure enables the collapse and spheroidization of subunits 
corresponding to the original densest regions of the foam. This results in pore growth and a 
low coordination between subunits. After complete decomposition of the oxysulfur species, 
grain-growth can occur rapidly, but only through the few contacts between growing units, 
since the system remains a very porous stack of powder. Therefore, the particle size 
distribution remains narrow at any higher temperature and eventually ultrasonication is strong 
enough to break the few contacts between particles. This shows the low degree of 
agglomeration of the powder obtained in this work.  

IV. CONCLUSION 

Yttria nanoparticles have been synthesized by a novel method based on combustion 
synthesis, sulfation with ammonium sulfate and calcination at high temperature.  

Two fuel-to-oxidizer ratios have been investigated for combustion synthesis between 
yttrium nitrate and glycine: stoichiometric and fuel-lean. The resulting cellular structures are 
different in terms of primary particle size, morphology and purity. This is related to the 
exothermicity achieved during reaction. 

Sulfation with 10 mol% of ammonium sulfate of the cellular structure obtained from a 
fuel-lean ratio results in complete collapse into individual particles with uniform shape and 
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size after calcination at 1100 C for 4 hours. Depending on the amount of ammonium sulfate 
added, different types of sulfur-based compounds were identified to form, namely, bulk 
Y2O2SO4 and surface oxysulfur. The latter are found to slow down grain growth and cause 
spheroidization of dense subunits of the original cellular structure by non-densifying diffusion 
mechanisms between 790 and 950 C. At 950 C, this results in a homogeneous distribution of 
growing subunits and pores in terms of size and shape. After most of the oxysulfur species 
have disappeared at 950 C, uniform growth of grains and pores continues at higher 
temperatures. This is attributed to the limited coordination between growing subunits. 
Moreover, the success of the method is thought to be the fineness of the starting primary 
particles (~5nm) and the relative regularity of the starting cellular structure.

Acknowledgement 

We thank Dr. Finn Giuliani and Mr. David Trinh from Linköping University (Sweden) for 
the help with HR-TEM. One author, JM, acknowledges the financial support from the 
National graduate school of space engineering. 



130

REFERENCES 
1 N. Saito, S.-I. Matsuda, and T. Ikegami, J. Am. Ceram. Soc. 81, 2023–8 (1998). 
2 T. Ikegami, J-G. Li, and T. Mori, J. Am. Ceram. Soc. 85, 1725–9 (2002). 
3 W.H. Rhodes, Materials Science Monographs 66D, 2311-18 (1991). 
4 G.C. Wei,  M.R. Pascucci, E.A. Trickett, C. Brecher, W.H. Rhodes, Proceedings of the SPIE - The 
International Society for Optical Engineering 968, 5-13 (1988). 
5 W.H. Rhodes, G.C. Wei, E.A. Trickett, Proceedings of the SPIE - The International Society for Optical 
Engineering, 683, 12-18 (1986). 
6 K. Takaichi, H. Yagi, L. Jianren, J.F. Bisson, A. Shirakawa, K. Ueda, T. Yanagitani, and A.A. Kaminskii, 
Appl. Phys. Lett. 84, 317-19 (2004). 
7 R. Subramanian, P.Shankar, S. Kavithaa, S.S. Ramakrishnan, P.C. Angelo, and H. Venkataraman, Mater. Let. 
48, 342-346 (2001). 
8 D. Sordelet and M. Akinc, J. Colloid Interface Sci. 122, 47-59 (1988). 
9 A.L. Micheli, in Ceramic Transactions, Vol.1. Part A, Ceramic Powder Science II. American Ceramic Society, 
Westerville, 102-109 OH (1988). 
10 M.D. Fokema, E. Chiu, and J.Y. Ying, Langmuir 16, 3154-3159 (2000). 
11 S. Ekambaram and K.C. Patil, J. Mater. Chem. 5, 905-908 (1995). 
12 Y. Tao, G. Zhao, W. Zhang and S. Xia, Mater. Res. Bull. 32, 501-506 (1997). 
13 T. Mimami and K.C. Patil, Mater. Phys. Mech. 5, 134-137 (2001). 
14 J. Mouzon  and M. Odén, submitted to Powder Technology.
15 S.R. Jain, K.C. Adiga, and V.R. Pai Verneker, Combust. and Flame 40, 71-79 (1981). 
16 P. Klug and L.E. Alexander, Diffraction Procedures for Polycrystalline and 
Amorphous Materials (Wiley, New York, 1954). 
17 K.T. Miller and F.F. Lange, Acta Metall. 37, 1343–1347 (1989). 
18 JCPDS card nr. 00-041-1105. 
19 L.A. Chick, L.R. Perderson, G.D. Maupin, J.L. Bates, L.E. Thomas, and G.J. Exarhos, Mater. Lett. 10, 6-12 
(1990). 
20 W. C. Carter and R.M. Cannon, in Ceramic Transactions. Vol.7. Sintering of Advanced Ceramics, American 
Ceramic Society, Westerville, OH (1989). 
21 T. Nagaishi, S. Ishiyama, J. Yoshimura, M. Matsumoto and S. Yoshinaga, J. Therm. Anal. 23, 201 (1982). 
22 J. Twu, C.J. Chuang, K.I. Chang, C.H. Yang and K.H. Chen, Appl. Catal. 12, 309 (1997). 
23 JCPDS card nr. 01-070-5315. 
24 JCPDS card nr. 00-053-0168. 
25 E. Tomaszwicz, J. Mater. Sci. 41, 1675 (2006). 
26 M. Waqif, O. Saur, J.C. Lavalley, S. Perathoner, and G. Centi, J. Phys. Chem. 95, 4081-4058 (1991). 
27 Y. Okamoto and T. Imanaka, J. Phys. Chem. 92, 7102 (1988). 
28 M. Bensitel, M. Waqif, O. Saur, J.C. Lavalley, J. Phys. Chem. 93, 6581 (1989). 
29 M. Waqif, P. Bazin, O. Saur, J.C. Lavalley, G. Blanchard, O. Touret, Appl. Catal. B: Env. 11, 193-205 (1997). 
30 S.W. Hedges and J.T. Yeh, Env. Progress 11, 98 (1992). 
31 M. Waqif, A.M. Saad, M. Bensitel, J. Bachelier, Odette Saur, and J.C. Lavalley, J. Chem. Soc. Faraday Trans. 
88, 2931-2936 (1992). 
32 T. Ikegami, J.G. Li, I. Sakaguchi, and K. Hirota, J. Am. Ceram. Soc. 87, 517-519 (2004). 



131

FIG. 1. Electron micrographs showing the as-synthesized microstructures of: (a) the FL-YO 
foam by SEM, (b) the FL-YO foam by HR-TEM, (c) enlargement of the area indicated in (b), 
(d) the ST-YO foam by SEM, and (e) the ST-YO foam by HR-TEM. 

FIG. 2. X-ray diffractograms of: (a) the as-synthesized ST-YO foams, (b) the as-synthesized 
FL-YO powder. 
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FIG. 3. Thermogravimetry results for: (a) the as-synthesized ST-YO powder, (b) the as-
synthesized FL-YO powder. 

FIG. 4. Evolution of crystallite size as a function of ammonium sulfate addition. 

FIG. 5. Scanning electron micrographs showing the progressive collapse of the cellular 
structure in the FL-YO powder after calcination at 1100 C for 4 hr: (a) FL-YO-1S, (b) FL-
YO-10S.
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FIG. 6. Scanning electron micrographs showing the morphology after calcination at 1100 C
for 4 hr of: (a) ST-YO-0S, (b) FL-YO-0S, (c) FL-YO-1S, (d) FL-YO-10S, (e) FL-YO-20S, 
and (f) FL-YO-200S. 
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FIG. 7. (a) Thermogravimetry and differential scanning calorimetry data of FL-YO-200S, (b) 
Thermogravimetry data of FL-YO-10S and FL-YO-50S. 

TABLE I. Comparaison of the sulfate concentration obtained from thermogravimetry results, 
CS

a, with the nominal sulfate concentration, CS
0, in mol% on the yttrium ion basis. 

CS
0 CS

a

12.0* (10) 11.1
55.3* (50) 43.9 
*corrected to take into account that the as-synthesized FL-YO was not pure Y2O3.

TABLE II. Onset temperature of desulfurization, Tdesulf, of the ST-YO powder as a function of 
ammonium sulfate (AS) addition. 
%mol AS 5 10 20 50 200
Tdesulf ( C) 854 854 866 961 986
The desulfurization weight loss for 1mol% AS was to weak for the onset to be determined. 
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FIG. 8. X-ray diffractograms showing the main peak position of Y2O3 and Y2O2SO4 of: (a) 
FL-YO-200S, (b) FL-YO-50S, and (c) FL-YO-10S at 950 C; (d) FL-YO-10S at 790 C.

FIG. 9. High-resolution transmission electron micrographs showing the structure of FL-YO-
10S after calcination at 790 C for 4hr: (a) first type of agglomerate, (b) selected area 
diffractogram of the entire area in (a), (c) enlargement of the arrow marked area in (a); (d) 
second type of agglomerate, (e) enlargement of the region indicated in (d), (f) enlargement of 
(e) showing the grain boundaries between the grains labeled 1, 2, and 3 in (e).
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FIG. 10. Evolution of crystallite size as a function of temperature for the FL-YO powder 
without or with 10 mol% ammonium sulfate addition. 

FIG. 11. Scanning electron micrographs showing the morphology of FL-YO-10S after 
calcination at 950 C for 4 hr. 
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Influence of agglomeration on the transparency of yttria ceramics 

J. Mouzon, T. Lindbäck, and M. Odén 

Division of Engineering Materials, Luleå University of Technology, SE-971 87 LULEÅ, Sweden 

Yttria powders with different states of agglomeration inherited from the fabrication 
procedure were used in this work. Their sintering behaviour was studied through 
microstructural observations by scanning electron microscopy and optical microscopy. 
The observed inverse relationship between final density and tap density was related to 
the pore size distributions in the different agglomeration states, giving different 
sintering behaviours. The key to obtain transparency was to keep porosity 
intergranular, so that it can be removed subsequently by a hot isostatic press treatment. 
Intragranular porosity was found difficult to remove and could only be reduced to some 
extent by grain growth. However, pores present in the middle of the growing grains 
remained. The results in this work suggest a positive effect of using agglomerated 
powders and that pre-sintering must be stopped before grain-boundary/pore separation 
occurs.

I. Introduction 

Yttria is a promising optical ceramic with a broad range of transparency and a high melting 
temperature (~2430°C), which makes it a candidate for laser applications1,2. The advantage of 
polycrystalline yttria ceramics compared to single-crystals lies in the fabrication process 
where densification of particulate solids by sintering at temperatures takes place well below 
melting temperature. In fact, growth of yttria single crystals is difficult, since it requires very 
high temperature to reach fusion and offers limited sizes and shapes of the final product. In 
order to achieve a high degree of transparency of polycrystalline yttria, the elimination of 
internal porosity is crucial. 

Several methods have been proposed during the last four decades to ease pore removal, 
such as pressure-assisted sintering and use of additives. Transparent polycrystalline yttria 
ceramics has been successfully sintered by hot pressing without additives3,4 and with the 
addition of LiF5, which caused the formation of a liquid phase6. But the shapes that can be 
achieved by hot pressing are limited. Transparent yttria was also successfully fabricated by 
pressureless sintering without additives but required high temperatures7. Another way to 
enhance densification and to reach transparency is to use the formation of a liquid-phase by 
addition of Al2O3

8 or BeO9. However, the presence of a liquid phase may lead to the 
formation of a secondary phase during cooling, which will cause scattering and deteriorate 
transparency in the final material. Another alternative procedure is to control grain growth by 
solute drag mechanism, as in the case when ThO2, ZrO2 or HfO2 are added10,11 or formation of 
a transient secondary phase between La2O3 and Y2O3 during a special firing schedule12.
Ikesue et al.13 even utilised a combination of vacuum sintering with large addition of HfO2
followed by HIP treatment to produce Nd-doped Y2O3.

An interesting factor contributing to the final pore structure is the state of agglomeration of 
the starting powder. In this paper, we investigate the influence of agglomeration on the 
transparency of yttria ceramics obtained by a combination of vacuum sintering followed by 
HIP treatment.  
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II. Experimental procedure 

 Yttria powders with different states of agglomeration were used for sintering studies. The 
detailed powder preparation procedure is described elsewhere14 and is only shortly 
summarized here. The powders were obtained by calcination of a precipitated yttrium 
hydroxynitrate precursor then dewatered by different methods. The different dewatering 
methods (room temperature drying (RT), freeze-drying (FD), azeotropic distillation both in 
ethanol (Et) and iso-butanol (iB), and successive dispersion in acetone, toluene, acetone 
(ATA)) resulted in different states of agglomeration. Some of the features of the 
hydroxynitrate-derived yttria powders are summarized in Table 1.

Pellets of the different powders were uniaxially pressed in a 14 mm diameter die in a 
double action way under 30 MPa. This was followed by cold isostatic pressing (CIP) at 200 
MPa. The pellets were sintered at 1600 °C in a vacuum furnace with a molybdenum mesh 
heater at a heating rate of 600°C/h, holding time of 3 h, cooling rate of 600°C/h and under a 
pressure of 0.1 mbar (10 Pa). All samples were placed in an alumina crucible and embedded 
in yttria powder. Another alumina crucible was place upside down on top as a cover. 

 Final densification of the samples was performed by hot isostatic pressing (HIP) using the 
glass canning technique. A glass capsule was used for its ability to deform and transmit 
pressure at high temperatures. All the pre-sintered samples were placed in the glass capsule 
embedded in pure hexagonal boron nitride (BN) used as a barrier material to avoid any 
reaction with glass. The capsule was then evacuated at 700°C for 4 hours and under a vacuum 
of 10-4 mbar (10-2 Pa). The HIP treatment was conducted for 2 hours at a pressure of 200 MPa 
and a temperature of 1500°C.  

The samples were recovered from the capsule by cutting and grinding. Densities of the 
pellets were measured by the gravimetric method after pressing and by Archimedes method in 
water after pre-sintering. Mirror-polishing using diamond and silica slurries was performed on 
both sides for the HIP treated samples and on a cross-section for the pre-sintered samples after 
cutting and mounting them in epoxy resin. The inline transmittance of the transparent 
ceramics was measured over the wavelength region from 200 to 900 nm using a UV/VIS/NIR 
spectrophotometer (Lambda 900, Perkin Elmer, MA, USA) for comparison with the literature. 

The microstructure after vacuum sintering and HIP treatment was observed by 
transmission and reflection optical microscopy (OM) in polarised light, scanning electron 
microscopy (SEM), and energy-dispersive X-ray (EDX) analysis. All pre-sintered samples 
were fractured in two for microstructural investigation. Etching was performed on polished 
cross-sections in a boiling solution of 20% hydrochloric acid during 3 min. In both cases, a 
gold layer was deposited to increase conductivity. 

III. Results and Discussion 

The densities after vacuum sintering of the different samples differ depending on the 
dewatering step of the powder. FD almost sintered to full density (99.8%), while the other 
powders derived from the same hydroxynitrate precursor reached densities between 96.7 and 
98.3% (see Figure 5). The powders RT, Et, iB, and ATA, produced samples with final 
densities relatively close to each other compared to FD. This was also the case in terms of 
bulkiness, crystallite sizes, morphology and surface area for the starting powders14. Although 
all powders were derived from the same precursor, substantial differences can be 
distinguished visually after vacuum sintering and even more clearly after HIP treatment in 
Figure 1. 

Figure 1 shows that all samples became transparent to various degree after HIP treatment 
except Et, which shows a greyish appearance both before and after HIP treatment. The RT 
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and ATA samples show a greyish corolla near the edge, while iB is white and more 
homogeneous in colour. FD appears dark grey after vacuum sintering and black after HIP 
treatment, with the core and the edges of the sample being the darkest and the lightest parts, 
respectively. This dark discolouration is a typical feature of the reduction of yttria, which is 
known to occur in a reductive atmosphere15. The higher surface area of FD (18 m2/g)
compared to the other powders (10.6-12.6 m2/g) certainly favoured reduction during the 
intermediary stage of sintering. 

The different visual appearances of the samples can be related to the microstructure of the 
samples. Figure 2 shows sketched cross-sections of where in the pellets similar 
microstructures were observed. The corresponding microstructural data of these regions are 
summarized in Table 2. All regions that showed intergranular porosity after vacuum sintering 
became transparent after HIP treatment, while the porosity entrapped inside the grains could 
not be removed, leading to opaque regions. These observations confirm that the key to 
successfully obtain transparent bodies by a combination of vacuum sintering followed by HIP 
is to keep porosity intergranular during vacuum sintering. Bulk diffusion over long distances 
is required to close trapped pores inside grains. Since bulk diffusion has higher activation 
energy than grain boundary diffusion, it is only activated at high temperatures, which also 
favours coarsening, making the distances still longer for certain pores to be eliminated.  

The formation of intragranular porosity in certain regions (dotted areas in Figure 2) was 
due to rapid grain growth as indicated by the greater grain size (Table 2) observed in these 
regions after vacuum sintering. Figure 3 shows micrographs of the two regions containing 
either intra- or intergranular porosity for the RT sample. The grains in the intragranular 
porosity region are several times larger than those in the intergranular porosity region. Based 
on their configuration in Figure 3 (c), we conclude that pores have been passed by grain 
boundaries during grain growth trapping them inside a growing grain. The location of region 
(2) at the corners of the sample (Figure 3 (a)) exhibits features different from those of the 
bulk, which can be explained by density gradient in the sample. The shape of region (2) is 
consistent with the shape of iso-pressure curves in green-bodies formed by pressing in a 
double-action die16. Higher densities are usually obtained in the corners. However, it was 
shown recently that the low-density regions created by uniaxial pressing could become denser 
relatively to the originally densest regions when CIP was subsequently applied17. However, 
both studies confirm the existence of density variations between the different regions while it 
is unclear which one has the highest green density in our case. 

Substantial grain growth occurred during HIP treatment in the regions which showed 
intergranular porosity, as can be seen in Table 2. Grain growth was enhanced by the high 
temperature and long dwell time during HIP treatment. Nevertheless, grain growth also 
occurred in regions of intragranular porosity but not as substantial. In these regions, 
intergranular porosity probably disappeared first by diffusional and plastic deformation 
mechanisms. Grain growth could subsequently proceed until it was slowed down when the 
grain boundaries were pinned by the former intragranular pores. These pores now being 
located at grain boundary could be removed in the same way as the initial intergranular 
porosity after pre-sintering. This phenomenon resulted in partial porosity elimination, leaving 
pore clusters in the middle of the grains, which were not consumed during sacrificial grain 
growth. This is illustrated in Figure 4 for the ATA sample. After vacuum sintering, region (2) 
of the ATA sample contains both inter- and intragranular porosity, the pores entrapped inside 
grains being smaller and rounded compared to the pores located at grain boundaries, as in the 
case of RT in Fig. 3(c). After HIP treatment, all the intergranular porosity, as well as a part of 
the intragranular porosity, disappeared, leaving pore clusters observable in transmission 
optical microscopy (Fig. 4 (a)). Fracture surface examination confirms the presence of pore 
clusters in the middle of the grains (Fig. 4 (b)).  The same microstructural features were 
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observed in all samples showing intragranular porosity and they are the reason for non-
optical-transparency.

Figure 5 shows the sintered density of all samples derived from the hydroxynitrate 
precursor versus tap density. The final density appears to be inversely related to the tap 
density. The same relationship was also observed by Palilla et al.8 who studied the 
sinterability of yttria powders. They found that tap density was one of the most reliable 
parameter that could be related to sintered density. The inverse relation between sintered 
density and tap density, which at first sight appears contrary to what might be expected, was 
by Palilla et al. attributed to the agglomeration state and the narrow size distribution of the 
primary particles in the powders that they used. A narrow size distribution prevents packing 
of smaller particles in the interstices, thereby reducing the green body density. In addition, 
they propose an effect from repulsive columbic forces when the particle size is decreased. 
However, repulsive columbic forces are believed to be quasi-inexistent in the dry state. 
Instead, adhesion forces, such as Van der Walls forces, increasing frictional forces during 
pressing, are believed to be more dominant. These adhesion forces increase in comparison 
with gravity forces as the particle size decreases, causing most of the particles to remain fixed 
in the positions in which they first made contact with each other. Loosely agglomerated 
powders result therefore in bulkier powder than powder containing agglomerates. 
Agglomerated powders are often more compact and stronger due to solid bridges formed 
during pre-processing. Palilla et al. explained the better sinterability of fine deagglomerated 
powders, despite of the smaller green body density that they produced, by their higher surface 
area provided the presence of enough contacts between particles, although they were not able 
to clearly correlate specific surface area to sintered density. From Figure 5, the weakly-
agglomerated powder, FD exhibits a different sintering behavior from the other powders, 
which were shown to consist of dense sintered agglomerates14.

Figure 6 shows schematically how the two different states of agglomeration can lead to 
different green densities and final pore configuration. The first case (Fig 6(a)) is assumed to 
be made up of monosized primary particles bonded to each other by solid bridges formed 
during pre-processing. Since the agglomerates are large and compact, they give high green 
densities when pressed. The compaction and sintering behavior of seven units of agglomerates 
is shown in Fig. 6(a). Because of the hard bonds between primary particles that prevents 
breakage of the agglomerates and particle rearrangement during pressing, large voids are 
created between agglomerates. These voids will increase in size and decrease in number, as 
the average size of the hard agglomerates increases. The overall pore size distribution can 
therefore be assumed to be bimodal, i.e. small monosized pores inside the agglomerates and 
large monosized pores between agglomerates. This configuration is ideal for differential 
sintering. Excellent densification occurs in the dense regions that can be attributed to the 
close-packing of the primary particles. However, porosity develops between the denser 
regions that shrink during densification. The resulting large pores located at grain boundary 
will slow down grain growth of the densified regions by exerting drag or Zener pinning18,
thus limiting the achievable sintered density. The detrimental effect of particle rearrangement 
during local sintering of agglomerates was observed by Exner19 and Lange20.

In the second case (Fig 6(b)) softly agglomerated primary particles will show random 
coordination in the absence of necks, which will produce longer distances on average between 
particles in comparison with the case of dense agglomerates. It results in a low compaction 
level, and lower tap and green densities. However, the absence of denser domains will prevent 
differential sintering. Although there is more empty space to be filled with powders showing 
low tap density, the pore size distribution will in this case be narrower. First densification is 
limited until neck formation and a certain amount of grain-growth have occurred. This is 
consistent with the higher onset temperature of shrinkage for FD found by dilatometry in a 
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previous study of the agglomeration of the powders used in this work14. Then, rapid grain-
growth can take place and entrap pores that were highly coordinated in the beginning and 
therefore become conserved because of particle rearrangement. Only formation of boundaries 
between closely-packed domains of monodisperse particles is known to be responsible for the 
development of large pores, which do not disappear21.

The models in Fig. 6 (a) and (b) account well for the behaviors of iB and FD, respectively. 
In Fig. 4(a), the distances between intragranular pores in ATA are in the same order of 
magnitude as the spaces between pores that are still intergranular in iB. Thus, the 
intragranular porosity regions in Et, ATA, and RT can be thought of as having once been in 
the same configuration as iB, but grain-boundary/pore breakaway took place during the pre-
sintering treatment. In which way tap density influenced this earlier breakaway is not yet 
understood. However, the importance of tap density is also confirmed when comparing the 
final optical quality of ceramics prepared from different batches of powders in the same 
conditions as RT. Figure 7 shows that the powders with low tap densities gave opaque 
samples, while transparent samples were obtained from high tap density powders, RT being a 
sample of transition. Therefore, our results suggest a positive effect of hardly-agglomerated 
powders and that pre-sintering must be stopped before grain-boundary/pore breakaway when 
a combination of pre-sintering/post-HIP treatment is employed to reach transparency.  

However, even the transparent regions of the samples show inhomogeneities. In fact, 
impurities of silicon were found to segregate at grain-boundaries from place to place in all 
samples, as indicated by the presence of defects shaped as dots and dashes observed in Figure 
8(a). Another kind of sparsely distributed defect that could be identified is the large inclusion 
shown in Figure 8(b). Energy dispersive x-ray analysis showed that, all inclusions contained 
Si, Y and O, and occasionally Al and Ca. The purity of the starting powders and the samples 
after pre-sintering were not determined, but we found the same kind of defects with high 
purity commercial powders and when pre-sintering was conducted in another furnace under 
high vacuum (<10-5 mbar). The volume fraction of these defects is low and seems to be 
inherent to impurities at low concentration. A possible source for the impurities is a high 
vapor pressure of silicon oxide in the glass capsule during HIP treatment. 

Transparent ceramics allow for observation of inhomogeneities in the bulk. The scattering 
region labeled 1 in Fig.1 (D3) is associated with a brownish discoloration probably due the 
presence of impurities, while the arrow marked 2 points out the porosity in the middle of a 
macro-defect of the type shown in Fig. 8(b). In fact, the defects related to silicon 
contamination were found to be transparent. However, the mismatch in refraction index 
between yttria and the resulting secondary phases is certainly responsible for a part of the 
optical losses. Therefore, concentration of silicon must be controlled to lower level in order to 
achieve better optical quality. 

Transmittance and absorption spectra were measured in order to assess transparency of the 
samples. Figure 9 shows the transmittance of the RT, FD, iB, and ATA samples. An in-line 
transmittance of 43% at 400 nm was found for the RT sample that was 2.5 mm-thick. Ikegami 
et al. reported a transmittance of 20% at the same wavelength but for a 1 mm-thick 
transparent yttria ceramic using sulfate doped powder and sintered at 1700°C in vacuum. This 
shows the efficiency of the method presented in this work 

IV. Conclusion 

In summary, transparent yttria was fabricated by a combination of vacuum sintering 
followed by hot isostatic pressing from five yttria powders with different states of 
agglomeration inherited from pre-processing. The successful key to obtain transparency was 
to keep porosity intergranular, so that it can be removed subsequently by HIP treatment. 
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Intragranular porosity was found difficult to remove and could only be reduced to some extent 
by grain growth. However, pores present in the middle of the growing grains remained.  

An inverse relationship between final density and tap density was found. It was related to 
the pore size distributions obtained from the different agglomeration states, giving various 
sintering behaviours. The results in this work suggest a positive effect of using agglomerated 
powders and that pre-sintering must be stopped before grain-boundary/pore separation. 
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Table I. Particle size of the different hydroxynitrate-derived powders calculated from 
BET specific surface area (dBET) and x-ray diffraction peak broadening (dXRD).

Sample RT FD Et iB ATA
dBET (nm) 110.9 66.2 94.7 101.0 112.7
dXRD (nm) 103.7 62.3 100.8 111.8 129.5

Fig. 1. Visual appearance of the different samples after vacuum sintering and HIP. 
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Fig. 2. Schematic cross sections showing the different microstructural regions in each sample. The dotted areas 
show the regions containing intragranular porosity. 

Table II. Observed microstructural data corresponding to regions depicted in Fig.2. 
Grain size before HIP Porosity Grain size after HIP 

RT (1) 0.5-3 μm 
(2) 1-15 μm 
(3) 0.5-8 μm 

(1) Closed and inter 
(2) Closed and intra 
(3) Closed and inter 

(1) 3-120 μm 
(2) 5-80 μm 
(3) 1-30 μm 

FD (1) 0.5-5 μm 
(2) 1-6 μm 

(1) Closed and intra/inter
(2) Closed and inter 

(1) 2-10 μm 
(2) 10-30 μm 

Et (1) 5-50 μm 
(2) 0.5-20 μm 

(1) Closed and intra 
(2) Closed and intra 

(1) 5-150 μm 
(2) 20-50 μm 

iB (1) 0.5-3 μm 
(2) 1-4 μm 

(1) Closed and inter 
(2) Closed and intra/inter

(1) 5-30 μm 
(2) 10-80 μm 

ATA (1) 0.5-4 μm 
(2) 5-30 μm 
(3) 1-5 μm 

(1) Closed and  inter 
(2) Closed and intra 
(3) Closed and inter 

(1) 10-120 μm 
(2) 10-50 μm 
(3) 5-80 μm 
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20 μm 

Fig. 3. (a) Optical micrograph of the RT sample showing region (1) (core) and region (2) (a corner). Scanning 
electron micrographs of fractured RT sample showing region (1) containing only intergranular porosity in (b) 
and region (2) with both intra- and intergranular porosity in (c). 

Fig. 4. Micrographs showing pore clusters in the middle of grains resulting from porosity elimination after HIP 
in region (2) for the ATA sample: (a) transmission optical micrograph; (b) SEM picture of a fracture surface. 
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Fig. 5. Sintered density versus tap density for the samples derived from the hydroxynitrate precursor. 

Fig. 6. Schematic compaction and sintering behaviors of powders consisting of: (a) hard agglomerates of 
closely-packed particles, and (b) soft agglomerates of loose particles. 
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(b)

Starting
powder Green-body Sintered body 
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Fig. 7. Optical quality after HIP as a function of tap density for different powders prepared in the same way as 
RT.

Fig. 8. Typical defects observed in the different samples by: (a) transmission optical microscopy; and (b) 
scanning electron microscopy. 

Fig. 9. Optical transmittance as a function of incident wavelength of 2.5 mm thick specimens.  
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Comparison between slip-casting and uniaxial pressing for the fabrication of 
translucent yttria ceramics 

E. GLOWACKI*, J. MOUZON, M. ODÉN 
Division of Engineering Materials, Luleå University of Technology, 971 87 Luleå, Sweden 
*E-mail: Emily.Glowacki@ltu.se 

Slip casting and uniaxial pressing were compared as first consolidation stages prior to cold isostatic 
pressing (CIP) to produce translucent yttria ceramics. In the first step, yttria slurries suitable for slip 
casting were prepared.  The viscosity was optimized with respect to the starting agglomeration state, 
amount of dispersant, milling time, and number of milling balls.  Secondly, pellets were prepared either 
by slip casting or uniaxial pressing and then cold-isostatically pressed. Finally, the pellets were made 
translucent by a combination of pre-sintering and hot isostatic pressing (HIP).  

Although slip-cast and pressed samples exhibited similar green-body densities after CIP and pre-
sintering, the samples prepared by slip casting were more homogeneous in terms of translucency and 
microstructure throughout their bodies. This was attributed to the ability of slip casting to minimize 
density gradients during packing, and to the beneficial effect of ball-milling to remove hard 
agglomerates before casting. Therefore, slip casting as a first consolidation stage prior to CIP appears 
to be more suitable than uniaxial pressing in order to prepare homogeneous optical ceramics. 
Keywords: slip casting, pressing, yttrium oxide, yttria, rheology, translucency, transparent ceramics 

1.  Introduction 
Rare-earth metal oxides have many uses as catalysts, high-energy permanent magnets, 
photoluminescence materials, and high Tc superconductors [1].  In particular, yttrium oxide 
(yttria) is useful as a relatively inert ceramic for the casting of reactive metals like titanium 
[2], as translucent structural material [3], and as a solid-state laser host material [4]. 

In order to achieve translucent yttria by ceramic processing, many methods were 
developed over the course of four decades. However, all methods found in the literature 
employed pressing in the stage of green-body formation [3, 5-8]. In fact, starting powders 
were either directly consolidated by cold isostatic pressing (CIP) or by uniaxial pressing 
followed by CIP. Ikesue [7] used an initial spray-drying step in order to enhance flow 
properties during compaction, but no detailed investigation on the influence of the process on 
optical properties was reported.

Slip casting, a common wet-forming method for ceramics, is an alternative method to dry-
forming techniques like pressing. Literature claims that slip-cast ceramics exhibit more 
homogeneous packing [9] than ceramics formed by uniaxial pressing. Uniform density in 
green-body compacts is a major concern for ceramics that will be sintered to transparency, 
since scattering centers, like pores left after firing, must be limited to low levels. CIP is 
known to produce green-body compacts with relatively high density and uniformity of 
packing. However, any further improvement in the uniformity of packing density by wet-
forming methods might ease pore removal.  

Nevertheless, slip casting of yttria in aqueous solution is not without its drawbacks.  Yttria 
particles become heavily hydrated when water molecules are physisorbed onto the surface 
[10,11], and it dissolves to produce trivalent yttrium cations and its hydroxo complexes.  The 
rate of dissolution depends upon pH, as well as specific surface area [12].  Most 
commercially-available yttria powders are finely divided, giving a larger surface area for 
hydration and dissolution to occur.

Another obstacle to working with yttria slurries is aging.  The aging process of binary 
suspensions of yttria-silica and of alumina have been well-documented [13,14], but aging is 
also observed in slurries of yttria alone.  The aging phenomenon is defined as the rapid 
increase in slurry viscosity, and is related to the dissolution of yttria [12]. The addition of 
organic dispersants can help to combat aging to some extent. 
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In this study, ammonium poly(methacrylic acid) salt was chosen as the dispersant to 
produce dispersed yttria slips.  While it has been proven that 2, 3-dihydroxybenzoic acid is a 
more effective dispersant [15] than ammonium poly(methacrylic acid) salt, the latter has the 
advantage of being inexpensive and commonly available. 

The goal of this study was double. First, yttria slurries suitable for slip casting would be 
prepared. It was important to determine the preparation parameters that would yield yttria 
slurries with minimum viscosities, and to limit aging. Secondly, the results of green-body 
formation by slip casting and by uniaxial pressing prior to CIP were compared in terms of 
optical properties and microstructure of the final translucent yttria ceramics. 

2. Experimental 
2.1. Preparation of slurries 
Two yttria powders were used in this study. The first was an as-prepared commercial yttria 
powder (Superamic 39 UF, Rhodia, France) having a specific surface area of 16.2 ±1 m2/g. In 
the rest of the text, this powder is referred to as non-disagglomerated powder.  The second 
powder was the same, except that it had undergone a chemico-mechanical disagglomeration 
treatment. The resulting disagglomerated powder had a specific surface area of 17.2 ±1 m2/g,
which corresponds to an equivalent particle diameter of 69 nm assuming smooth monosized 
spherical particles. Both powders had an average particle diameter of 56 nm determined by X-
ray diffraction broadening technique.

The dispersant was a 40 wt% solution of ammonium poly(methacrylic acid) salt in water 
(Dispex A40, Ciba Specialty Chemicals, Switzerland) and therefore the weight percents of 
dispersant discussed in the study are given with respect to the weight of active substance.  
Dilute solutions of varying dispersant content were prepared by weighing the original 40 wt% 
solution into a 100-mL volumetric flask and diluting with deionized water.

Slurries of 60 wt% (29 vol%) yttria were prepared by weighing 11.535 g dilute dispersant 
solutions of varying concentrations (between 0.25 and 1.00 wt%) into a 30-mL Nalgene bottle 
and adding 16.860 g yttria powder.  In all but two cases, ten milling balls of yttria-stabilized 
zirconia were then added to the slurry and it was placed on a mill.  In the case where 30 
milling balls were added to a slurry, a 100-mL Nalgene bottle was used to accommodate the 
number of milling balls.  In another case, a slurry was prepared and no milling balls were 
added before it was placed on the mill. 

2.2. Slip casting, viscosity measurements, and pressing 
Optimization of the rheological properties of yttria slurries was studied according to the 
average apparent viscosity, a, at a shear rate of 100 s-1 defined as 

a = /  (1)
where and are the instantaneous shear stress and shear rate, respectively. 

Viscosity measurements were performed using a rotational rheometer (Bohlin CVO, 
Malvern Instruments, UK) with a shear rate-controlled profile.  Shear rate was ramped up 
from 0 to 100 s-1 for 60 s, held at 100 s-1 for 60 s, and finally ramped down from 100 to 0 s-1

for 60 s.
Pellets of 14-mm diameter were slip cast in a silicon rubber mold filled with a gypsum core 

according to the illustration in Fig.1.  Slurries were slip-cast at their minimum viscosities 
determined thereafter, i.e. after 6.5 hours of milling. For comparison, some pellets of 14-mm 
diameter were uniaxially pressed at 10 MPa, with a double-action operating punch to be 
compared to slip-cast pellets. Cold isostatic pressing was carried out for both slip-cast and 
pressed pellets, at a pressure of 200 MPa. 
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2.3. Burn-out procedure, sintering, and hot isostatic pressing 
To determine the necessary burn-out conditions to remove the organic material introduced 
with the dispersant, thermogravimetry (STA 449C, Netzsch, Germany) and mass 
spectrometry (Aëolos, Netzsch, Germany) were run under helium flow. The burn-out itself 
was conducted in flowing oxygen by first ramping up the heat from 25° to 900°C at a rate of 
1°C/min, then holding at 900°C for 12 hours, and finally ramping down from 900° to 25°C at 
a rate of 1.25°C/min.   

To obtain translucent ceramics, a method developed by Mouzon et al. [16] was employed.  
It requires ceramics to be pre-sintered and subsequently subjected to hot isostatic pressing.  
Pre-sintering was conducted in air at 1600°C for 3 hours in an alumina-lined tube furnace 
(DIL402C, Netzsch, Germany). Hot isostatic pressing (HIP) was conducted at 1500°C and 
200 MPa for 2 hours, using the glass canning technique. 

2.4. Density measurements and optical microscopy 
Green-body density after slip casting (or pressing) and CIP was calculated from the height, 
diameter, and weight of each sample.  The Archimedes method in water was used to 
determine the density of the pre-sintered samples.  

Samples after HIP were ground to a thickness of 1 mm and polished on both sides. To 
assess the microstructural homogeneity, optical transmission microscopy was used. Then, the 
samples were cut in half; one cross-section was embedded in epoxy, polished and then etched 
in boiling HCl for three minutes. The revealed grains were observed by optical reflection 
microscopy. 

3. Results and Discussions
3.1. Viscosity and aging studies 
The viscosities of six slurries of 60 wt% yttria (both disagglomerated and non-
disagglomerated) and different amounts of dispersant were measured after 6.5 hours of ball 
milling, since that is when the slurries became fluid enough to be measured.  Fig. 2 reports the 
viscosities at 100 s-1 for slurries based on the non-disagglomerated and disagglomerated 
powders as a function of dispersant content.  Note the difference in scale of the y-axes in the 
two graphs. Viscosities of the disagglomerated yttria slurries are, for the most part, lower than 
the viscosities of the non-disagglomerated yttria slurries.  For both powders, the slurry 
containing 0.50% dispersant had the lowest viscosity.  The results show that 0.50% is the 
optimum amount of ammonium poly(methacrylic acid) salt for the yttria powders used in this 
study, both disagglomerated and non-disagglomerated.   

Slurries of both powders, each containing 0.50% dispersant, were prepared the same way 
and the aging of the two slurries was monitored.  Fig. 3 shows the aging curve of the two 
slurries.  Both contain ten milling balls. It should be noted that no measurements of the non-
disagglomerated yttria slurry were possible for a few hours after preparation, unlike the 
disagglomerated yttria slurry.  This is because slurries of the non-disagglomerated yttria 
powder were dry and paste-like upon preparation.  The length of time needed for the slurries 
of non-disagglomerated yttria powder to reach an acceptable initial viscosity can be attributed 
to the agglomerated state of the powder. The slurry remains paste-like while the solution 
penetrates the agglomerates. Understandably, this penetration takes much less time for a 
powder that has already been disagglomerated. 

The difference in aging times (18 hours and 61 hours) between the two slurries cannot be 
due to a difference in the powders’ specific surface areas, because the specific surface areas 
are indistinguishable between the non-disagglomerated and disagglomerated yttria powders.  
It must be the disagglomeration treatment that is responsible for the different behaviors of the 
two slurries. As stated above, the more rapid penetration of the solvent in the disagglomerated 
powder leads to a more rapid and better coverage of the particle surface by solvent, thereby 
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enhancing dissolution. Moreover, the disagglomeration treatment might be thought of as 
having changed surface chemistry and introduced surface defects by mechanical action. Since 
dissolution occurs at the site of defects in yttria particles [11], this might explain the 
differences in behavior. 

3.2. Number of milling balls 
The effect of the number of milling balls on aging time was also studied.  Table 1 compares 
the aging times and minimum viscosities of three slurries of 0.50% dispersant and non-
disagglomerated yttria powder, the difference between each slurry being the number of 
milling balls (0, 10, and 30). 

The slurry with no milling balls aged the slowest, which is usually desirable.  However, at 
its minimum, its viscosity is much higher than the minimum viscosities of the other slurries.  
Furthermore, there were visible agglomerates in the slurry without milling balls.  A greater 
number of milling balls decreases viscosity by breaking the agglomerates and thereby 
allowing better coverage of the particle surface by solvent and dispersant. However, a too 
great number of milling balls increases the rate of aging, which supports the fact that an 
introduction of surface defects by mechanical action enhances dissolution and thus increases 
aging rate. 

Therefore, 10 milling balls and the disagglomerated yttria powder were chosen for slip 
casting and all slip-cast samples forward on in this study were prepared with these conditions, 
since they showed the best and most stable rheological properties. 

3.3. Decomposition study and burn-out 
The temperature for burn-out was chosen according to the graph in Fig. 4, which shows 
thermogravimetry results for the thermal decomposition of slip cast yttria pellets containing 1 
wt% of the ammonium poly(methacrylic acid) dispersant. Species that evolved during 
decomposition are related to the corresponding weight loss event on the first derivative of the 
thermogravimetry (DTG) curve.  

At 900°C, all the water and carbon-containing species have burned out, and virtually all the 
weight of the organic dispersant had been lost. A residual weight loss of only 0.33% remains 
after 900 C.  Note that the measurements were performed in helium, so that real burn-out in 
pure oxygen should ease the removal of organic material by decomposition into carbonic 
gases and water.  

Among the other burn-out parameters, a slow heating rate was chosen to prevent gas 
entrapment.  A long holding time ensures that as much organic material is removed as 
possible.  Finally, cooling slowly prevents the brittle ceramics from undergoing thermal 
shock.

All samples-including the pressed pellets-were subjected to the same burn-out treatment 
for comparison’s sake. 

3.4. Density measurements 
As shown in Figure 5, there is a difference between the green body densities of slip-cast and 
pressed pellets as processed. Slip-cast samples show higher densities. This can be explained 
in terms of solid content and employed pressure for the slip-cast and pressed pellets, 
respectively, as explained in the following.

On one hand, the yttria slurries have a solid content of 60 wt%, which corresponds to 29 
vol%. This is relatively low compared to what can be obtained with other metal oxide 
ceramics, but it was found to be the highest solid contents allowing to keep apparent viscosity 
below 100mPa·s at 10s-1, which is a general rule-of-thumb for slip casting. Despite of this low 
solid content, the slip-cast pellets reached nearly 37% densities in the green state and showed 
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no cracks. This can be attributed to an efficient packing obtained from effectively dispersed 
particles with the employed dispersant. 

On the other hand, the low densities of pressed samples (~29%) can be explained in terms 
of the low pressure utilized during uniaxial pressing, i.e. 10MPa. The role of this low pressure 
is only to obtain a solid compact with a desirable shape and that can be handled for 
subsequent CIP.

The CIP step resulted in the same density for the two processing routes.  Both the slip-cast 
and the pressed pellets had low densities (less than 40% theoretical density) before CIP, and 
therefore particle rearrangement and breakage of agglomerates was possible under the high 
pressure of CIP. The still relatively low densities obtained after CIP (~46%) can be attributed 
to the fineness of the starting nanopowder, as indicated by the close values of the primary 
particle size (56 nm) and BET equivalent particle diameter (69 nm). Very fine nanoparticles 
are known to disperse pressure more efficiently [17] and cause microstructural changes during 
compaction [18]. Adhesion forces are by far larger than gravitational ones at this level [19], 
and as adhesion force increases, frictional forces are encouraged, which prevent the compact 
from reaching high density.

Similar pre-sintering densities were also obtained for the different processing routes which 
is expected since the compared samples were prepared from the same powder and exhibited 
the same green-body density after CIP. 

3.5. Translucency and microstructure 
Despite the slip-cast and pressed samples having very similar densities after CIP and pre-
sintering, their translucency after HIP differs, as can be seen in Figure 6.  In Fig. 6(a), the 
pellet slip cast from a slurry containing 0.50% Dispersant exhibits some translucency 
throughout the sample.  In Fig. 6(b), the pressed pellet exhibits excellent translucency only 
around the edges of the pellet, while the rest is barely translucent and dark.

Fig. 7 shows the microstructures of the two pellets compared in Fig. 6, both in transmission 
and in reflection.  Disregarding the origin and nature of optical scattering in both samples, 
comparison between Fig. 7 (a) and Fig. 7(b) shows directly that the slip cast sample is more 
homogeneous than the pressed sample. In fact, many macro-sized defects are present in the 
pressed samples, as indicated by the black arrows. They are less numerous and smaller in the 
slip cast pellet. These large defects were identified as macropores. They are thought to be 
related to hard agglomerates. During pressing, hard agglomerates in the dry powder shield the 
surrounding smaller particles from pressure.  Also, hard agglomerates pressed together will 
surround some large space, which can be seen as pores. Both types of packing 
inhomogeneities cause differential sintering, upon subsequent sintering, and macropores 
develop. Such defects are avoided in slip casting, because ball milling helps break up such 
agglomerates. 

The greater microstructural homogeneity obtained by slip casting is confirmed by 
observation of the grain size in Fig. 7. In Fig. 7 (c), an average grain size of 10 μm is evenly 
distributed throughout the cross-section of the slip cast sample. However, a strong gradient in 
grain size can be distinguished around the pressed sample in Fig. 7(d). This gradient is 
contained within a layer of approximately 0.5 mm in thickness. Grain size ranges from 200 
μm at the surface down to 0.5 μm in the dark part of the sample. 

Again, these microstructural inhomogeneities seem to be related to packing density. 
Recently, Li and Lannutti [20] demonstrated by X-ray-computed tomography that a skin with 
a density gradient is present around zirconia green-bodies made by uniaxial pressing and CIP, 
even when low pressure was used in the first step of uniaxial pressing. The zirconia powder 
that they employed had a close particle size compared with the powder used in this work (50-
100nm). Therefore, these kinds of density variations are likely to be responsible for the 
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observed grain size gradient, since regions with different packing densities are expected to 
show different sintering behaviors. 

On the other hand, the homogeneity of the slip-cast pellet can be attributed to the well-
deflocculated state of the yttria particles. Well-dispersed and deflocculated particles can 
achieve a more homogenous packing arrangement in all directions during the slow process of 
slip casting, since they will all settle in the same way without being affected by friction 
against the die wall and/or pressure shielding. 

4.  Conclusion 
First, this report shows that homogeneous slip-cast pellets can be obtained by using 60 wt% 
yttria slurries dispersed with an ammonium poly(methacrylic acid) salt dispersant. The 
optimum dispersant content giving minimum viscosity was found to be 0.50 wt%. The 
slurries showed a strong tendency to age and this was shown to increase with better 
disagglomeration of the starting powder. However, this problem can be handled by 
controlling the milling time and the number of milling balls. Increasing the latter is believed 
to introduce surface defects on yttria particles by mechanical action, thereby increasing 
dissolution and the aging rate.  

Secondly, slip casting and uniaxial pressing were considered as first consolidation stages 
prior to CIP to produce green-body compacts for the fabrication of translucent yttria ceramics 
by a combination of pre-sintering and HIP. Although slip-cast and pressed samples exhibited 
close green-body density after CIP and pre-sintering, the samples that had been prepared by 
slip casting were more homogeneous in terms of translucency and microstructure throughout 
their bodies. This was attributed to the ability of slip casting to minimize density gradients 
during packing, and to the beneficial effect of ball-milling to remove hard agglomerates 
before casting.

Therefore, slip casting as a first consolidation stage prior to CIP appears to be more 
suitable than uniaxial pressing for preparing homogeneous optical ceramics. 
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Slurry 

Pellet starting to form 

Silicon rubber mold 

Gypsum core  

Figure 1 Schematic cross-section of the mold used for slip casting. 

Figure 2 Viscosity at 100 s-1 as a function of dispersant content for (a) the non-disagglomerated yttria powder, 
and (b) the disagglomerated yttria powder, after 6.5 hours of ball milling. 

Figure 3 Viscosity at 100 s-1 for a slurry of (a) non-disagglomerated yttria powder, and (b) disagglomerated 
yttria powder, both with 0.50% dispersant and 10 milling balls. 
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TABLE I Aging time and minimum viscosities of 0.50% dispersant slurries of non-disagglomerated yttria 
powder depending on number of milling balls 

Milling 
balls 

Aging  
time (hours) 

Minimum  
viscosity (mPa·s) 

0
10
30

264-336 
53-62 

21

1121 
18
18

Figure 4  Thermogravimetry/mass spectrometry curves for slip-cast yttria samples. 

Figure 5  Density comparison at various stages of processing. 
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Figure 6  Translucency comparison between 1-mm thick samples of (a) slip-cast yttria and (b) pressed yttria, 
after HIP. 

Figure 7  Optical micrographs showing (a) the transmission of a pellet slip cast from a slurry containing 0.50% 
Dispex, (b) the transmission of a pellet formed by uniaxial pressing, (c) the cross-sectional view of the same slip-
cast pellet, and (d) the cross-sectional view of the same pressed pellet.  Note: light blurry areas in the photo are 
due to defects in the lens system, not the samples.  
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Synthesis and optical properties of Yb0.6Y1.4O3 transparent ceramics 
J. Mouzona,*, C. Dujardinb, O. Tillementb, and M. Odéna

aDivision of Engineering Materials, Luleå University of Technology, 971 87 Luleå, Sweden 

bPhysical Chemistry of Luminescent Materials, UMR 5620 CNRS, Claude Bernard/Lyon1 University, 69622 
Villeurbanne, France 

Abstract

Transparent yttrium oxide ceramics doped with 30 at% ytterbium were successfully 
produced by a combination of pre-sintering and hot isostatic pressing. The influence on the 
final transparency of different densification states and porosity configurations obtained by 
varying pre-sintering conditions were investigated by optical and electron microscopy. Our 
results show that densification prior to the final stage of sintering is necessary to limit final 
porosity. Poorly-densified pre-sintered samples were found to lead to pore entrapment 
because of rapid grain growth caused by plastic rearrangement during hot isostatic pressing. 
Transmittance measurements showed that the valence charge of the ytterbium ions was 3+ at 
the end of the process, indicating no effect of reduction when pre-sintering in vacuum was 
employed.  

1. Introduction 

Ytterbium doped yttria (Yb:Y2O3) is a promising laser material. Y2O3 has a thermal 
conductivity twice as large as that of YAG [1] and Yb3+ is a very attractive dopant for 
efficient diode-pumped solid-state lasers. Yb3+ shows high quantum efficiency, weak non-
radiative transitions, large crystal-field splitting, millisecond-lifetime of the metastable 2F5/2 
state, and intense inter-Stark 2F5/2

2F7/2 transitions [2]. Nevertheless, Y2O3 single crystals are 
very difficult to grow because of its high melting point (2430 C) and the transformation from 
cubic to hexagonal phase that takes place right before melting [3]. In the past decade, interest 
in developing laser ceramics has increased, since sintering technology requires lower 
temperatures than single-crystal growth.  

Recently, Yb:Y2O3 ceramic lasers were successfully synthesized by Konoshima in Japan. 
Various ytterbium contents were reported in the literature:  4%, 5%, 8%, and 10% [4, 5, 6, 7]. 
However, the possibility of introducing very high doping concentration in ceramic microchips 
was shown to produce high efficiency compared to single-crystals as demonstrated for 
Nd:YAG [8]  and Yb:YAG [9]. Moreover, since a high doping level increases absorption, 
thinner crystals can be used and laser can in turn be more effectively cooled. In the case of 
Yb:YAG, thin-disc laser technology enabled to reach efficiency of 70% by increasing the 
doping level to 25% [10]. 

However, the fabrication of transparent ceramics for laser application is non-trivial, 
because optical losses must be minimal. Ikesue [11] showed that the the remaining porosity 
after sintering must be kept to vol. ppm level. The main factor affecting beam scattering is not 
the grain boundaries, but the residual porosity.

Pure transparent yttria ceramics were synthesized only to low optical qualities without 
additives by pressureless [12] or pressure-assisted [13, 14] sintering and detailed synthesis of 
transparent ytterbium doped yttria has not been reported so far. 
                                                
* Corresponding author: johmou@ltu.se 
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Ytterbium ions in optical crystals are known to be very sensitive to annealing conditions. 
Yb3+ has a strong tendency to be reduced into Yb2+ under reducing atmosphere or gamma 
irradiation in oxides or fluorides [15, 16, 17]. Thus, reduction of ytterbium must be 
considered when sintering under vacuum is employed. 

The aim of this study was to show the feasibility of producing transparent yttrium oxide 
doped with 30 at% ytterbium by a technique developed by the authors and to check the impact 
of sintering conditions on the ytterbium valence. 

2. Experimental 

The starting powder was produced by synthesizing a foamy structure by combustion 
synthesis from a mixture of yttrium/ytterbium nitrates and glycine. The concentration of 
nitrates was adjusted to give a final composition of Yb0.6Y1.4O3.  The glycine/nitrate ratio was 
taken as stoichiometric (0.56) to achieve complete reaction between reactants without 
consumption of atmospheric oxygen. Ammonium sulfate (10 mol% on the yttrium ion basis) 
was then added to the obtained structure by impregnation and the dried product was calcined 
at 1100 C for 4 hours in oxygen. The details of this synthesis can be found elsewhere [18].

Without any additional processing, the resulting powder was uniaxially pressed into pellets 
at 10 MPa in a 14-mm die and further densified by cold isostatic pressing (CIP) at 200 MPa in 
latex bags. The resulting pellets had a diameter of 11.3 mm and a thickness of about 5 mm. 
The green bodies were subsequently pre-sintered either in air or under vacuum and at 
different temperatures in an alumina tube furnace (DIL402C, Netzsch, Germany). The 
presintering conditions are presented in Table 1. The density measurements were performed 
using the gravimetric method and a theoretical density of 5.031 g/cm3 was used to obtain 
relative densities.  

Subsequently, the pre-sintered pellets were hot isostatically pressed (HIP) at 1625°C under 
an argon pressure of 200 MPa for 3 hours using the glass-canning technique. The samples 
were recovered from the glass capsule by machining, and polished down to a thickness of 
2.5mm. Transmittance measurements were carried out using a UV/VIS/NIR 
spectrophotometer (Lambda 900, Perkin Elmer, MA, USA). Defects in the transparent 
samples were observed in transmission using an optical microscope (Olympus, Japan). 

In order to carefully inspect the microstructure, fracture surfaces were obtained by 
breaking pre-sintered samples and cross-sections of ceramics after HIP were cut and polished. 
These latter were etched in 20% aqueous HCl for 3 minutes to reveal the microstructure. All 
samples viewed by scanning electron microscopy (SEM, JEOL6460-LV, Japan) were coated 
with a thin gold layer to increase conductivity. The average grain size was determined by the 
linear intercept method and applying a multiplication factor of 1.56 [19]. 

3. Results and discussion 

(A) Synthesis of Yb0.6Y1.4O3 transparent ceramics 

The synthesis described above resulted in an agglomerated powder as shown in the 
scanning electron micrograph of Figure 1. All hard agglomerates can be seen to be below 1 
micron and made of primary particles of 70-80 nm. We previously reported that agglomerated 
powder causing differential sintering was favourable to obtain transparent yttria ceramics 
when using a combination of pre-sintering and HIP [20]. For this reason, we used the ST-
30YbYO powder that was derived from a stoichiometric combustion synthesis reaction, 
although we showed elsewhere that a less-agglomerated powder could be obtained when a 
fuel-lean reaction was carried out [18]. 
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Table 2 contains the density data of the pellets after uniaxial pressing, cold isostatic 
pressing and pre-sintering. The green-bodies have an average relative density of 46.5%. 
Subsequent pre-sintering at various temperatures and in different atmospheres produce 
significant differences of the densification state of the pellets before HIP. As expected, pellets 
sintered at the highest temperature in air (1585 C) reach the highest densities. However, 
samples sintered in vacuum at 1471 C are much denser than those sintered in air at a slightly 
higher temperature of 1485 C. This indicates radical differences in sintering behavior of the 
ST-30YbYO powder depending on the atmosphere. 

Although the pre-sintered pellets have relative densities below 90% and contain open 
porosity, the glass-canning technique allows HIP treatment. The transparency of all samples 
after HIP can be seen in Figure 2. The sample sintered in air at 1585 C shows the best 
homogeneity, followed by the sample sintered in vacuum at 1471 C that is slightly darker, 
while a very dark circular zone appears in the center of the sample sintered in air at 1485 C.

It was found that the optical quality of the samples could be related to the major defects 
present in their bulk. Transmission optical microscopy revealed that the relatively greater 
opacity of the ST-30YbYO-1485-air sample in Figure 3 (b) can be related to the presence of 
porosity at triple grain boundary junctions and as clusters in the grain interior. White arrows 
in Fig. 3(b) indicate intergranular porosity that is left at grain edges. In fact, these pores can 
be used as markers for grains and a dashed hexagone can be distinguished. In the middle of 
the hexagone, a cluster of intragranular pores is pointed out by the black arrow. A free pore 
zone can also be noticed between pore clusters and grain boundaries. In Figure 3(a), elongated 
defects of several microns can be distinguished in the center of the ST-30YbYO-1585-air 
sample. This type of defects was found mostly trapped inside grains and seems to be related to 
a secondary phase of unknown origin. The defects in the ST-30YbYO-1585-air sample are 
translucent and fewer compared to ST-30YbYO-1485-air and it explains the better 
transparency. In Figure 3 (c), pores are also found to be trapped inside grains in the ST-
30YbYO-1471-vac sample. But their concentration is lower than in ST-30YbYO-1485-air and 
is therefore responsible for less light scattering. 

Fracture surfaces of all pre-sintered samples are shown in Figure 4. Transgranular fracture 
regions in all samples indicate that no pore entrapment has occurred yet in the densified 
regions and that remaining porosity is left at grain boundary. Previous studies have shown that 
this microstructure is well suited for successful fabrication of transparent yttria ceramics when 
a combination of pre-sintering and HIP is used [20]. In fact, the application of external 
pressure by HIP causes the removal of porosity at grain boundary by enhancement of 
densifying diffusion mechanisms and plastic deformation. 

Table 2 shows that the final grain size in HIP treated samples was relatively similar for all 
samples, while different optical qualities were obtained from samples pre-sintered in different 
conditions. This shows the importance of the pore and grain configuration after pre-sintering 
for the subsequent step of hot isostatic pressing.

Figure 4 (a) shows that significant grain growth and densification have occurred in the ST-
30YbYO-1585-air sample (Fig. 4(a)) in comparison to ST-30YbYO-1485-air (Fig. 4(b)), 
which was sintered at lower temperature. In this latter case, all grains are below 1μm, which 
is in accord with the agglomerate size found in the starting powder. Despite of the very close 
sintering temperature to ST-30YbYO-1485-air, the sample sintered in vacuum at 1471 C
(Fig. 4(c)) shows a different microstructure. In fact, vacuum sintering is found to have locally 
enhanced grain growth and densification. In certain regions, dense regions have developed 
with grains reaching 1 μm, while finer grains with the same size order as in the ST-30YbYO-
1485-air sample can be seen in between.

The pore cluster configuration observed in Fig. 3(b) is typical of porosity that is entrapped 
inside grains because of rapid grain growth and pore-grain boundary separation [21]. Pore 
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free zones generally form subsequently by sacrificial grain growth. When a growing grain 
boundary encounters entrapped pores in another grain, then the pores are either removed or 
stay at grain boundary and move along with it. Considering the poor densification state and 
porosity configuration of the pre-sintered sample in Fig. 4(b), significant particle 
rearrangement is likely to have occurred by plastic deformation during application of the 
external pressure, since yttria is known to be relatively plastic from room temperature despite 
its ion-covalent bonds and high melting point [22]. Deformation certainly increases the 
number of contacts between grains, thereby facilitating formation and growth of necks. From 
that moment, grain growth can proceed more rapidly, since it is less affected by pore drag. 
Too rapid grain growth generally causes pore entrapment. The average space between pores 
in clusters was found to be a few microns, which is consistent with an early pore entrapment  

The densification state and pore configuration of the ST-30YbYO-1585-air sample in Fig. 
3(a) is different from those of ST-30YbYO-1485-air.  The ST-30YbYO-1585-air sample was 
found to show closed porosity when immerged in water, so that a density of 92.1% of 
theoretical could be measured by the Archimedes’ method. This indicates that the ST-
30YbYO-1585-air sample after pre-sintering is in the configuration of final sintering stage 
with isolated porosity pockets at grain corners. Since this kind of porosity is intergranular, it 
can be removed by application of pressure during HIP and significant grain growth can occur 
at HIP temperature of 1625 C resulting in the microstructure of Fig. 3(a). 

The microstructural developments of the ST-30YbYO-1471-vac sample in Fig. 4(c) and 
Fig.3 (c), seems to be a mixture between the microstructure seen the samples pre-sintered in 
air at 1485 and 1585 C. Since ST-30YbYO-1471-vac contains regions with different degrees 
of densification after pre-sintering, pore entrapment is likely to have occurred during HIP in 
the less dense regions as in ST-30YbYO-1485-air, while porosity can be removed in the dense 
regions.

An interesting fact is the appearance of dashes revealed by selective etching with boiling 
HCl on polished surface of all samples, as shown in Figure 5 (a). All dashes are preferably 
oriented along certain crystallographic directions of each grain. They are thought to be due to 
the nucleation of a secondary phase on dislocations, as precipitates. Such a pattern of dashes 
has been observed in ceramics before, as in the precipitation of nickel in MgO single crystals 
doped with NiO [23]. However, no defects other than pore cluster and porosity at triple 
junction can be observed in transmission in the bulk of the material, as indicated in Figure 5 
(b). If nucleation of a secondary phase on dislocations could be ascertained, it would sustain 
the fact that a greater amount of plastic deformation during rearrangement took place in the 
ST-30YbYO-1485-air sample, since a greater concentration of dashed was found to form in 
this sample.   

(B) Optical properties 

Transmittance measurements of Figure 6 confirm the ranking established from Figure 2 for 
the optical properties. The ST-30YbYO-1585-air sample shows an in-line transmittance of 
25% at 400 nm for a thickness of 2.5 mm. However, the absorption background in the 
different ceramics appears to depend on their synthesis parameters.   

Figure 6 also shows that all samples present exactly the same absorption features despite of 
various aspects to the unaided eye. The only absorption band that can be detected is in near IR 
between 820 and 1100 nm. This broad band is very intense and saturated, but it can be 
associated to the transitions from the 2F7/2 ground state to the 2F5/2 excited state of Yb3+ [4]. 
However, its detailed structure cannot be resolved because of the high ytterbium content and 
the large thickness of the investigated samples.  
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In the 300-800 nm range, no other absorption peaks can be observed. Yb2+ ions are known 
to be responsible for a strong absorption band centered around 360-380 nm in various oxides 
and fluorides [16, 17]. It can therefore be concluded that almost the totality of the ytterbium 
ions are in the 3+ valence state. In other words, no reduction of ytterbium ions seems to have 
occurred in ST-30YbYO-1471-vac, despite of the vacuum conditions (10-3 mbar) used during 
pre-sintering. This might be explained in terms of the low employed temperature (1471 C),
the relative medium vacuum level or oxidizing conditions in the glass capsules at high 
temperature during HIP treatment. 

Conclusion

Transparent yttrium oxide ceramics doped with 30 at% ytterbium were successfully 
produced by a combination of pre-sintering and hot isostatic pressing. Different pre-sintering 
treatments resulted in different densification states and porosity configurations. Our results 
confirmed that porosity must be kept intergranular during pre-sintering to be effectively 
removed by the application of external pressure during HIP. In addition, densification prior to 
the final stage of sintering is also necessary to limit final porosity since poorly densified pre-
sintered samples were found to lead to pore entrapment because of rapid grain growth caused 
by plastic rearrangement during HIP.  

Moreover, a single valence charge state of 3+ was found for the doped ytterbium ions at 
the end of the process, which is favorable for laser applications.  
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Table 1. Pre-sintering conditions 
Sample Holding 

Temperature 
( C)

Dwell
Time 
(hrs)

Heating/
Cooling rate 
( C/hr)

Atmosphere 

ST-30YbYO-1585-air 1585 3 600 Air 
ST-30YbYO-1485-air 1485 3 600 Air 
ST-30YbYO-1471-vac 1480 3 600 Vacuum 10-3 mbar (10-1 Pa) 

Fig. 1. Scanning electron micrograph showing the morphology of the ST-30YbYO  powder. 

Table 2. Density and grain size data of the pellets in % of the theoretical density and μm, 
respectively 
Sample Uniaxiallly 

pressed
CIPed Pre-sintered Grain size 

after HIP 
ST-30YbYO-1585-air 24.2 46.2 88.7 66.4 
ST-30YbYO-1485-air 24.3 46.5 69.8 72.7 
ST-30YbYO-1471-vac 24.4 46.7 80.5 76.8 

Fig. 2. Visual aspects of the samples HIPed at 1625 C for 3 hours under 200 MPa: (a) ST-
30YbYO-1585-air, (b) ST-30YbYO-1485-air, and (c) ST-30YbYO-1471-vac. The samples 
are 2.5 mm thick. 
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Fig. 3. Transmission optical micrographs showing typical defects found in the centre of the 
following samples: (a) ST-30YbYO-1585-air, (b) ST-30YbYO-1485-air, and (c) ST-
30YbYO-1471-vac. The white arrows indicate pores at grain boundaries, while the black 
arrows point out pore clusters in the middle of the grains.   

Fig. 4. Scanning electron micrographs of fracture surfaces for: (a) ST-30YbYO-1585-air, (b) 
ST-30YbYO-1485-air, and (c) ST-30YbYO-1471-vac. 

Fig. 5. Optical micrograph of the same area: (a) in reflection, showing the formation of 
preferably oriented dashes by selective etching; (b) in transmission, a pore cluster in the 
middle of a grain, as indicated by the white arrow. 
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Fig. 6. Transmittance spectrum of the 2.5 mm thick samples. 








