
Chapter 3
Ceramic Powder Synthesis

3.1 Introduction

The processing of any ceramics is started from their precursor powders, which are
then consolidated into green bodies, followed by sintering at high temperature
[1–5]. Of course, there are various other steps that also play significant roles in
determining the performance of the final ceramic products. As a result, properties of
the powder pose a direct effect on microstructure and thus performance of the final
ceramics. The properties of a powder are closely related to the way the powder is
synthesized. According to properties and applications, ceramics can be classified
into traditional ceramics and advanced ceramics. The functionalities of traditional
ceramics are less sensitive to chemical compositions, which usually consist of
multiple components, with clays as the main component and various additives [6].
In contrast, the properties and performances of advanced ceramics are very sensitive
to their compositions and microstructures. Therefore, they must meet very specific
requirements in terms of properties, compositions, and microstructures. Transparent
ceramics belong to the category of advanced ceramics. As stated previously, special
carefulness is necessary in processing of transparent ceramics, because optical
properties are even more sensitive than other properties.

For good control the chemical composition and microstructure of transparent
ceramics, the availability of high quality starting powders is a pre-requirement. For
starting powders, important characteristics include grain/particle size, size distri-
bution, shape, morphology, degree and state of agglomeration, chemical compo-
sition, phase composition, and purity. Physical and chemical properties of surface
of the particles also play an important role. Both the powder consolidation and the
microstructure development are influenced by the size, size distribution, shape, and
state of agglomeration. The size of particle/grain has a specific effect sintering. It is
well known that the densification rate increases with decreasing particle/grain size.

According to sizes and size distributions, powders can be classified into two
types: (i) polydispersed and (ii) monodispersed powder [7–15]. Polydisperse means
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that the powder has a wide particle size distribution, while a monodispersed powder
has one particle size, but most likely, it means a very narrow size distribution.
Polydispersed powders could offer high packing density of green bodies, while
there is a negative effect on densification behavior and microstructure development
during the sintering. This is because large grains grow much faster by consuming
smaller grains surrounding them. In this respect, homogeneous packing of powders
with a narrow size distribution is preferred, to from the control of microstructure
point of view. Additionally, powders consisting of spherical or near-spherical
particles are desirable to have a uniform packing. However, until now, synthesis of
monodispersed fine powders is still a challenge of ceramic processing [8, 16–23].

Another challenge of powder processing is the addressing of agglomeration [24–
26]. The direct consequence of the presence of agglomeration is the heterogeneity
of the packed green bodies, which will result in a phenomenon known as differ-
ential sintering [27, 28]. Differential sintering means that different regions of the
bodies have different densification behaviors, due to the inhomogeneity. In this
case, the final ceramics will likely to have large pores and crack-like voids.
Therefore, agglomeration must be avoided in order to fabricate ceramics with high
density and homogeneous microstructure. Two types of agglomerations have been
observed in ceramic powders: (i) soft agglomerates and (ii) hard agglomerates. Soft
agglomerates are made of the particles due to the weak van der Waals forces, while
hard agglomerates are formed by chemical bonding. As a result, the negative effect
of soft agglomeration is much less than that of hard agglomeration.

Other factors that have significant effects on sintering of a powder include
surface characteristics, incomplete chemical reactions, polymorphic phase trans-
formations, and so on. Surface properties affect the dispersion behavior of a
powder, thus influencing its sintering efficiency. The unreacted components will
react during the sintering, which usually leads to inhomogeneity. Phase transfor-
mation could have serious negative effect on microstructure.

In summary, an ideal ceramic starting powder should a small size, e.g., <1 μm or
at the scale of nm, a narrow particle or grain size distribution, i.e., monodisperse or
near monodisperse, a spherical or near-spherical particle/grain shape, no agglom-
eration or only soft agglomeration, completed chemical reaction, single phase and
high purity. To achieve this, it is important to select the synthesis methods.

Various methods have been developed to synthesize ceramic powders, including
physical and chemical methods [29, 30]. The simplest physical method is
mechanical milling, in which mechanical action is used to refine the powders [31–
33]. Other physical methods include vacuum vapor condensation (VVC) and
physical vapor deposition (PVD), and so on. Milling is a general step in the
preparation of ceramic powders for the purpose of mixing, if refining is not
expected. Physical condensation or deposition is not suitable to produce powders
with large quantities. In comparison, chemical methods, such as solid-state reaction
and various wet-chemical solution routes are the most widely employed to fabricate
advanced ceramics in general and transparent ceramics in particular [34, 35]. In

94 3 Ceramic Powder Synthesis



solid-state reaction methods, the use of high-energy milling in recent years has
shown certain advantages in reducing the phase formation temperatures of ceramic
materials, because transparent ceramics usually have relatively high reaction tem-
peratures [36, 37].

3.2 Synthesis of Precursor Powders

3.2.1 Solid-State Reaction Methods

There are three types of solid-state reaction: (i) chemical decomposition,
(ii) chemical reaction between solids, and (iii) chemical reduction. The first two
reactions will be introduced, while the third one is commonly used for nonoxides
which thus are not included.

Chemical decomposition is usually observed in solid reactions, such as car-
bonate, hydroxides, nitrate, acetate, oxalates, alkoxides and so on, when they are
heated at a certain temperature. The decomposition leads to the formation of a new
solid product, together with one or more gaseous phases, which is usually used to
produce powders of simple oxides in most cases and complex oxides sometimes.
Although this method has not been widely reported for the synthesis of transparent
ceramic powders, it could be a potential technique for such a purpose, due to its
various advantages, such as simple processing, inexpensive raw materials, and
capability of large scale production. In fact, the calcination step involved in most
wet-chemical processing routes, especially chemical precipitation or co-precipita-
tion, is chemical decomposition, either from carbonates or hydroxides, as discussed
later.

A representative example of chemical decomposition is the formation of mag-
nesia (MgO) from magnesium carbonate (MgCO3). When it is heated, magnesium
carbonate decomposes into magnesium oxide and carbon dioxide gas, with reaction
equation as follows:

MgCO3 ðsÞ ! MgO ðsÞ þ CO2 ðgÞ: ð3:1Þ

Chemical reactions between solids are used to synthesize mixed powders or
complex oxides. The reactants are usually simple oxides, carbonates, nitrates,
sulfates, oxalates or acetates, which are mixed according to a target compound with
a given stoichiometric composition. An example is the reaction between magnesia
and alumina to form magnesium aluminate or spinel, with the following reaction
equation:

MgO ðsÞ þ Al2O3 ðsÞ ! MgAl2O4 ðsÞ: ð3:2Þ

These methods, involving decomposition of solids and then chemical reaction
between solids, are referred to as calcination or pre-sintering in ceramic processing.
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3.2.1.1 Decomposition Methods

The principles, kinetics and chemistry of decomposition reactions, such as car-
bonates and hydroxides, have been extensively studied in the open literature [38–
42]. Basic thermodynamics, reaction kinetics and mechanism, as well as closely
related process parameters regarding the production of powders, will be elaborated
in this subsection.

According to thermodynamics, the decomposition of MgCO3 that is defined by
Eq. (3.1), is a strongly endothermic reaction, since DH0

R is positive, which is similar
to most decomposition reactions [43–45]. Therefore, the decomposition is only
sustained when the reactant is constantly heated. In thermodynamics, the Gibbs free
energy change of a chemical reaction is given by:

DGR ¼ DG0
R þ RT lnK; ð3:3Þ

where DG0
R is the free energy change for the reaction when the reactants are in

standard state, R is the gas constant, T is the absolute temperature, and K is the
equilibrium constant of the reaction. For the reaction defined by Eq. (3.1), there is:

K ¼ aMgOaCO2

aMgCO3

¼ pCO2 ; ð3:4Þ

where aMgO and aMgCO3
are the activities of pure solids, MgO and MgCO3,

respectively, which can be treated as unity, while aCO2 is the activity of CO2, which
is actually the partial pressure of the gas. Therefore, at equilibrium state, ΔGR = 0,
by combining Eqs. (3.3) and (3.4), there is:

DG0
R ¼ �RT ln pCO2 : ð3:5Þ

The standard Gibbs free energies for the decomposition of various carbonates
and hydroxides, as a function of temperature, as well as the equilibrium partial
pressure of the gas for each of the reactions, have been well documented as a
database, which can be found in the open literature [46].

In thermodynamics, as the partial pressure of the gaseous product above the solid
of a compound is equal to the partial pressure of the gas in the surrounding
atmosphere, the compound will become unstable, when it is heated in air. This
unstable temperature can be estimated. Thermodynamics predict that the partial
pressure of the gas products of many salts, such as acetates, sulfates, oxalates and
nitrates, is almost zero, which means that they are unstable at room temperature.
However, the fact is that these compounds are stable up to quite high temperatures.
Therefore, the decomposition of these compounds is controlled by kinetics, instead
of thermodynamics [43–45].

Kinetic studies have been conducted to elucidate the reaction mechanisms and
identify the influences of process parameters on the decomposition reactions, such
as reaction temperature, particle size of the compound, quantity of the reactant and
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surrounding environment. These studies can be carried out either isothermally or at
a fixed heating rate. Under isothermal conditions, it is impossible to maintain a
constant temperature, because heating the sample to a given temperature requires an
infinite time. In spite of this, it is easier to analyze the kinetics of isothermal
decompositions.

Progress of the reaction is usually measured by monitoring the weight loss,
which is plotted as the fraction of the reactant that has decomposed, as a function of
time t, defined as:

a ¼ DW
DWmax

; ð3:6Þ

where W and Wmax are the weight loss at time t and the maximum weight loss after
the decomposition reaction is entirely completed, respectively.

Although no general theory has been available to describe the decomposition
reactions, a general trend can often be observed. At the initial stage of reaction,
decomposition of impurities or unstable superficial items most likely occurs. It then
enters an induction period, which is then quickly terminated, due to the develop-
ment of stable nuclei. After that, the nuclei starts to grow at an accelerated rate,
together with further nucleation in some cases. After that, the reaction reaches the
maximum rate. With the progress of the reaction, the expansion of nuclei gradually
slows down and eventually stops, indicating the starting of a decay period, which
continues until the reaction is completed.

Because the molar volume of the solid product is usually smaller than that of the
reactant, the product is present as a porous layer covering the nonporous core of the
reactant, as shown schematically for the decomposition of CaCO3 in Fig. 3.1 [47].
Therefore, it is a heterogeneous reaction occurring at a sharply defined interface. In
this case, there are three processes: (i) reaction at the interface between the reactant
and the solid product, (ii) heat transfer to the reaction surface from outside of the
particle and (iii) gas diffusion out or permeation from the reaction surface through
the porous layer of the product. Any of them could be the controlling factor of
kinetics of the decomposition reaction. Generally, it is assumed that the interface
moves inward at a constant rate. Therefore, for a spherical reactant with an initial
radius r0, the radius of the unreacted core at time t is given by:

r ¼ r0 � Kt; ð3:7Þ

where K is a constant.
One of the parameters that characterize the kinetics of chemical reactions is

known as reaction orders. In the simplest case, a reactant A decomposes to a
product (P), the reaction equation is written as:

A ! P: ð3:8Þ
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The rate of the reaction can be written as:

� dC
dt

¼ KCb; ð3:9Þ

where C is the concentration of the reactant A at time t, K is called the reaction rate
constant, and β is an exponent that defines the order of the reaction. The reaction is
characterized as first order if β = 1, second order if β = 2, and third order if β = 3. In
practice, very high orders of reactions are rarely observed. The orders can be zero or
factions.

Several parameters have their influences on the rate of decomposition and the
characteristics of the powders produced by the decomposition reaction. These
parameters include chemical properties of the reactants, initial particle size and size
distribution of the reactants, atmospheric conditions, reaction temperature, and time
duration. According to the Arrhenius relation, the rate constant K in the kinetic
equation is given by:

K ¼ A exp
�Q
RT

� �
; ð3:10Þ

Fig. 3.1 Schematic of the decomposition of calcium carbonate. Reproduced with permission from
[47]. Copyright © 2007, Springer
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where A is a constant which is known as the pre-exponential coefficient or fre-
quency factor, Q is the activation energy, R is the gas constant, and T is the absolute
temperature.

Microstructure and morphology of the solid product particles are also affected by
the decomposition conditions. Therefore, by controlling the decomposition condi-
tions, it is possible to obtain product powders with fine particles and narrow particle
size distribution [48]. The principles of the decomposition method are applicable,
when precipitation or co-precipitation methods are used to synthesize oxide pow-
ders, where hydroxides or carbonates are formed as precipitates. Decomposition of
the hydroxides and carbonates results in oxide powders.

3.2.1.2 Chemical Reaction Methods

The simplest reaction occurs between two solid phases, A and B, to form a solid
solution C. A and B are usually polycrystalline compounds. Once the reaction is
started, A and B will be separated by the product C. Further reaction is facilitated by
the transport of atoms, ions or molecules, which are governed by several possible
mechanisms through the phase boundaries and the products of the reaction. Single
crystals are generally used to study such reaction mechanisms, because of the
simple geometry and the clearly defined boundaries, as shown in Fig. 3.2 [47].

The formation reaction of spinel, AO + B2O3 = AB2O4, is used as an example.
Figure 3.3 shows some of the most possible mechanisms involved in the reaction
[47]. The first type of mechanism is shown in Fig. 3.3a, b, in which O2 molecules
are transported through the gaseous phase, while the electroneutrality is maintained
by electron transport through the layer of the product. In mechanism (ii), i.e.,
Figure 3.3c, counterdiffusion of the cations with oxygen ions takes place, which has
remained stationary. Mechanisms (iii) are shown in Fig. 3.3d, e, in which O2 ions
diffuse through the product layer. Due to their intrinsic properties, the diffusion
coefficients of different ions could be significantly different. In spinels, the diffusion
of large-sized O2 ions is much slower than that of cations. As a result, the mech-
anisms in Fig. 3.3d, e are not dominant. Futhermore, if the phase boundaries have
ideal contacts, the transport of O2 molecules is very slow, so that it is not necessary
to consider the mechanisms in Fig. 3.3a, b.

A B A BC

x

Fig. 3.2 Schematic of solid-state reaction between two single crystals (A and B). Reproduced with
permission from [47]. Copyright © 2007, Springer
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In this case, the most likely mechanism is the counterdiffusion of cations, i.e., the
mechanism of Fig. 3.3c, where the electroneutrality is maintained by the coupling
of flux of the cations. When the formation rate of the product is controlled by
diffusion through the layer of the product, the thickness of the product layer will
follow a parabolic growth law, which is given by:

x2 ¼ Kt; ð3:11Þ

where K is a rate constant that can be described by the Arrhenius equation.

Fig. 3.3 Reaction
mechanisms and
corresponding net phase
boundary reactions for the
spinel formation reaction AO
B2O3 = AB2O4. Reproduced
with permission from [47].
Copyright © 2007, Springer
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Because there are several parameters that should be taken into account to
describe the reaction kinetics of reactions in the form of powder mixture, the
analysis could be quite complicated. As a result, various assumptions have been
made to simplify the analysis models, in order to derive appropriate kinetic equa-
tions. For isothermal reactions, it is generally assumed that the particles of reactant
A are equal-sized spheres, which are embedded in a quasi-continuous medium of
reactant B, so that the reaction product is formed coherently and uniformly on the
surface of the A particles [49, 50]. In this case, the volume of the unreacted
components at time t is given by:

V ¼ 4
3
pðr � yÞ3; ð3:12Þ

where r is the initial radius of the spherical particles of reactant A and y is the
thickness of the product layer. The volume of the unreacted phases can also be
expressed as:

V ¼ 4
3
pr3ð1� aÞ; ð3:13Þ

where α is the fraction of the volume of the reactants that has already consumed due
to the reaction. Combining Eqs. (3.12) and (3.13) yields:

y ¼ r½1� ð1� aÞ�1=3: ð3:14Þ

If it is assumed that y follows the parabolic relationship given by Eq. (3.11), the
rate of the reaction becomes:

½1� ð1� aÞ1=3�2 ¼ Kt
r2

: ð3:15Þ

This is known as Jander equation, which has two oversimplifications that limit
its applicability and the capability to predict the rates of most chemical reactions.
Firstly, the parabolic growth law for the thickness of the product layer is only valid
for one-dimensional reaction across a planar boundary, but not sufficient for the
reactions involving spherical particles. In other words, this assumption is only valid
for the initial stage of the reaction when y ≪ r. Second, the changes in molar
volumes of the reactants and the products are not taken into account. To address this
problem, a more comprehensive equation should be used, which is [51, 52]:

½1þ ðZ � 1Þa�2=3 þ ðZ � 1Þð1� aÞ2=3 ¼ Z þ ð1� ZÞKt
r2

; ð3:16Þ

where Z is the volume of the product formed from unit volume of the reactant A.
This equation is known as the Carter equation, which is applicable to predict the
formation of complex oxides.
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In practice, the reaction rate decreases with increasing particle size of the
reactants due to the increase in the average diffusion distance. According to the
Arrhenius relation, the reaction rate increases with increasing temperature. Also, the
homogeneity of mixing is an important parameter that determines reaction rate of a
reaction involving powder mixtures. This is because it influences the diffusion
distance between the reactants and the number of contacts between the reactant
particles. It also plays a significant role in ensuring the homogeneity and single-
phase product powders. The most effective strategy that can be used to increase the
homogeneity of a powder mixture is mechanical milling, which will be discussed in
the following subsection.

Solid-state reaction method has been used to fabricate various transparent
ceramics, including YAG, LuAG, MgAl2O4, doped simple oxides and AlON [53–
69]. Usually, commercial powders, most likely oxides and sometimes carbonates or
hydroxides, are directly used without any special treatment. In some studies, cal-
cination or pre-sintering step is used to form the compounds of interest. Sometimes,
this pre-sintering step can be skipped. In this case, it is also called as reactive
sintering, simply because the reaction will take place during the sintering process.

The first YAG transparent ceramics for laser applications was made by using
solid-state reaction [53]. However, in this report, Al2O3 and Y2O3 were pre-syn-
thesized through alkoxide precipitation and pyrolysis of Y2(OH)Cl5·nH2O,
respectively. The two powders, with a particle size of <2 μm, were mixed according
to the composition of YAG, through the following reaction:

3Y2O3 þ 5Al2O3 ! 2Y3Al5O12: ð3:17Þ

A similar approach has been reported to synthesize YAG by using pre-synthe-
sized Y2O3 [54]. Yttrium nitrate was used as the source of yttrium and aqueous
ammonia was used as precipitant. Fine and dendritic precipitate was obtained by
adding 0.5 % ammonium sulfate into the precipitation solution. High-purity and
low-agglomerated Y2O3 powder with spherical particles of about 60 nm in diameter
was prepared by calcinating the precipitate at 1100 °C. The highly reactive Y2O3

powder was mixed with Al2O3 powder to form YAG powder after calination at
relatively low temperature. The YAG powder could be sintered to transparent
ceramics in vacuum at 1700 °C.

A solid-state reaction method by using commercial powers has been employed
to fabricate ytterbium and chromium co-doped YAG (Yb,Cr:YAG) transparent
ceramics [58]. CaO and TEOS were used as charge counter element and sintering
aid, respectively. High purity Y2O3, Al2O3, Cr2O3, and Yb2O3 commercial powders
were used as starting materials. CaO provided Ca2+ for charge balance when Cr3+

was oxidized to Cr4+. The starting powders with a composition of 5 at% Yb,
0.025 at% Cr:YAG were mixed by using ball milling with Ø6 mm ZrO2 balls in
anhydrous alcohol for 10 h. The content of sintering aid was 0.5 wt% tetraethyl
orthosilicate (TEOS). Cold isostatic pressure of 200 MPa was applied before sin-
tering. Highly transparent Yb,Cr:YAG ceramics were developed after sintering at
1770 °C for 10 h in vacuum, followed by annealing at 1450 °C for 20 h in air. No

102 3 Ceramic Powder Synthesis



calcination or pre-sintering step was involved in this study, so that is reactive
sintering, as mentioned earlier.

It has been found that pretreatment could play a significant role in promoting the
efficiency of sintering for the fabrication of transparent ceramics. One example has
been demonstrated when Y2O3 was used to react with Al2O3 to form YAG [70].
Commercially available high-purity α-Al2O3 (99.98 %), Y2O3 (99.99 %) and
Nd2O3 powders (99.99 %) were used as starting materials. All the raw powders
were baked at 200 °C for 24 h and stored in a dry box to prevent water absorption.
In addition, the commercial Y2O3 powder was calcined in oxygen atmosphere at
temperatures of 800, 1000, and 1200 °C for 2 h.

All the untreated and the pretreated Y2O3 powders were used to synthesize
Nd0.03Y2.97Al5O12. The powder mixtures were ball milled for 12 h with high purity
Al2O3 balls of 10 mm in diameter in ethanol. 0.1 wt%MgO (99.998 %) and 0.5 wt%
tetraethyl orthosilicate (TEOS, 99.99 %) were used as sintering aids. The milled
slurries were dried at 80 °C for 2 h. The dried powder mixtures were calcined at
600 °C for 4 h to remove the organic components. Then, the calcined mixtures were
dry pressed under 100 MPa intoΦ35 mm pellets, followed by the application of cold
isostatic pressing (CIP) at pressure of 250 MPa. All the samples were finally sintered
at 1745 °C for 50 h in vacuum of 10−3 Pa. The sintered ceramics were annealed at
1450 °C for 10 h in air to eliminate the oxygen vacancies.

Figure 3.4 shows SEM images of the untreated commercial Y2O3 and α-Al2O3

powders. The Y2O3 powder had agglomerations, consisting of primary particles
with a diameter of about 50 nm. The nanoparticles were aggregated to form sec-
ondary particles with sizes in the range of 3–10 μm, as shown in Fig. 3.4a. In
addition, the Y2O3 powder exhibited a microstructure that was similar to that of
nanoceramics. Natural surface of the Y2O3 powder, as shown in Fig. 3.4b, had a
dense feature formed by the primary particles due to hard aggregates. On the
fractured surface, some internal pores were observed within the secondary particles,
as illustrated in Fig. 3.4c. The sizes of the primary and secondary particles, as well
as the internal porosity, determined particle size distribution and specific surface of
the powder, which thus influenced the sintering behavior of the powder and optical
properties of the final ceramics. Comparatively, the α-Al2O3 powder was not
aggregated, with an average particle size of ∼260 nm, as shown in Fig. 3.4d.

Figure 3.5 shows SEM images of the untreated Y2O3 powder and the powders
pretreated at different temperatures in oxygen for 2 h. By comparing Fig. 3.5a, b, it is
found that the size of the primary particle was increased from 53 to 62 nm, after
treating at 800 °C, and then to 126 nm after calcining at 1000 °C (Fig. 3.5c). 1200 °C
was too high for the powder, because a significant grain growth was observed and
natural surface of the powder became more rigid, as demonstrated in Fig. 3.5d.

Figure 3.6 shows a schematic illustration of the green body derived from the
Y2O3 and Al2O3 powder mixture after ball milling. It has been accepted that green
bodies formed by dry pressing and cold isostatic pressing have a microstructure
with two types of pores, i.e., (i) interparticles pores which coexist with (ii) intra-
agglomerate pores within the agglomerated Y2O3 powders. Because the sintering
driving force and shrinkage inside the Y2O3 agglomerates were different from those
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in between the agglomerates and the Al2O3 particles, the sintering property of the
powder was sensitive to the degree of agglomerates of the Y2O3 powders. During
the sintering, the elimination of the interparticles pores needed high temperature
(>1700 °C). However, due to the high sinterability of the small Y2O3 particles,
intra-agglomerate pores within the Y2O3 powders were easily closed and difficult to
be eliminated in the subsequent densification process at such a high temperature
(>1700 °C). Therefore, eliminating the intra-agglomerate pores within the Y2O3

powders became important. The pretreatment of the Y2O3 powders at a low tem-
perature (<1200 °C) in oxygen was beneficial to the elimination of the intra-
agglomerate pores. The optimum pretreatment temperature was 1000 °C, because at
this temperature there was a synergistic effect of sinterability of the powders and the
reduced porosity in green body. This result could be used as a reference, because
different materials should have different optimized treatment temperatures.

Besides oxides, no-oxides have also been synthesized by using solid-state
reaction method. For example, phase-pure and fine γ-AlON powders have been
synthesized by using a combinational method of carbothermal reduction and solid-
state reaction [69]. The combined method addressed the disadvantages of the
respective individual method. Sucrose was used as the reducer instead of carbon

Fig. 3.4 SEM images of the raw powders: a untreated commercial Y2O3 powder, b natural
surface of the untreated Y2O3 powder, c fractured surface of the untreated Y2O3 powder and d α-
Al2O3 powder. Reproduced with permission from [70]. Copyright © 2014, Elsevier
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Fig. 3.5 SEM images of the Y2O3 powders pretreated at different temperatures for 2 h: a without
pretreatment, b 800 °C, c 1000 °C, and d 1200 °C. Reproduced with permission from [70].
Copyright © 2014, Elsevier

Fig. 3.6 Schematic illustration of the green body derived from the Y2O3 and Al2O3 powder
mixture after ball milling. Reproduced with permission from [70]. Copyright © 2014, Elsevier
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black. Comparatively, sucrose was more effective in nitridation and hindering the
agglomeration of powders.

Figure 3.7 shows XRD patterns of the samples after initial and final treatments
[69]. After being heated at 1500 °C for 4 h, with sucrose as the reducer, partial
γ-Al2O3 powder was nitridized into AlN and the rest was converted from γ to α
phase, as shown in Fig. 3.7a. After the residual carbon has been removed, the
resultant powder was gray in color, similar to that of commercial AlN powder, In
contrast, if carbon black is used as the reducer, the resultant powder was brown
owing to the serious carbon infiltration. Schematic diagrams for possible expla-
nation are shown in Fig. 3.8. When sucrose was used as the reducer, Al2O3 powder
was covered by a layer of carbon after being heated at 900 °C, as shown in
Fig. 3.8a. The area for nitridation was maximized, so that nitridation was sufficient.
However, if carbon black was used, the efficiency of nitridation was greatly reduced
due to the poor contact between the carbon black particles and those of Al2O3

powder, as shown in Fig. 3.8b. Therefore, the nitridation was incomplete, thus
leading to carbon infiltration.

3.2.1.3 Mechanochemical Synthesis

Mechanochemical synthesis means that chemical reactions that are usually trig-
gered by heating or firing can be facilitated by applying mechanical actions. The
most general mechanical action is milling. Various mills have been used to reduce

Fig. 3.7 XRD patterns of the a nitrided powders and b powders heated at 1750 °C for 4 h.
Reproduced with permission from [69]. Copyright © 2010, John Wiley & Sons
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the particle size and increase the homogeneity of the mixture of reactants for solid-
state reactions, including high-compression roller mills, jet mills (also known as
fluid energy mills), and ball mills [71, 72]. There are several types of ball mills,
which are classified according to the method used to impart motion to the balls,
such tumbling, vibration, and agitation.

The energy utilization of a mechanical milling method is defined as the ratio of
the new surface area created to the total mechanical energy that has been used. The
rate of milling is defined as the amount of new surface area created per unit mass of
particles per unit time. Therefore, these two terms can be connected each other. The
energy utilization of a mechanical milling method increases with increasing rate of
milling. Higher rate of milling means that shorter time is required to achieve a
desired particle size. For every method, it is important to understand the relationship
between the rate of milling and various experimental parameters. It is also worth
mentioning that too high rate of milling could produce high temperature, leading to
damage of the milling facilities.

During a milling process, the particles experience mechanical stresses at their
contact points due to compression, impact, or shear with the mill medium or with
other particles. The mechanical stresses lead to elastic and inelastic deformation of
the particles. Once the stress exceeds the ultimate strength of the particles, they will
be fractured. Due to the application of the mechanical energy, new surfaces are

Fig. 3.8 Schematic diagrams
for a the nitridation with
sucrose as reducer and b the
mixture of γ-Al2O3 and
carbon black, respectively.
Reproduced with permission
from [69]. Copyright © 2010,
John Wiley & Sons
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creased on the particles. At the same time, there are changes in other physical
properties of the particles, such as inelastic deformation, increase in localized
temperature, lattice rearrangements within the particle and creation of various
defects. Changes in chemical properties, especially on the surfaces, could also
occur, if a prolonged milling is applied or the milling conditions are very vigorous,
such high-energy milling, as discussed later. Generally, the energy utilization of the
process is not very high, ranging from <20 % for milling by compression forces
to <5 % for milling by impact.

Planetary ball milling is the most widely used technique in both laboratory
research and industrial production. The efficiency of milling depends on a number
of factors, including the milling parameters, i.e., speed, ball size and ball-to-powder
weight ratio, and so on, the properties and types of the milling media, e.g., density
and hardness, and the properties of the particles to be milled. For a given size of
milling medium, because the mass is proportional to the density, the milling
medium should be made of materials with as high density as possible. The size of
the milling medium is an important consideration. For a given volume, the number
of balls increases inversely as the cube of the radius. As stated earlier, the rate of
milling is dependent on the number of contact points between the balls and the
powder. The number of contact points is proportional to the surface area of the
balls, so that the rate of milling increases inversely as the radius of the balls.
However, too small balls cannot supply sufficient mechanical energy to fracture the
particles.

The rate of milling also depends on milling time. In the beginning of milling, the
decrease in size of the particles is faster. Once the particles are refined to range of
about 1 μm to a few micrometers, the rate decreases and further reduction in size
becomes more and more difficult. A milling limit is approached, which is deter-
mined by several factors. One important factor is the increased tendency of the
particles to agglomerate with decreasing particle size. A physical equilibrium is
therefore established between the agglomeration and refining processes. Another
factor is the decreased probability for the occurrence of a refining event with
decreasing particle size.

A disadvantage of ball milling is the wear of the milling medium, which causes
potential contamination. For transparent ceramics, the presence of any impurities in
the starting powders could be a serious problem. The best solution is to use balls
with the materials and composition that are same as the powders to be milled.
However, this is only possible for some specific compounds. Therefore, use a
milling medium that is chemically inert at the firing temperature of the body (e.g.,
ZrO2 balls) or can be removed from the powder by washing (e.g., steel balls). If
high-energy milling is required, it is necessary to use WC or at least stainless steel
media. A number of commercially available milling balls and their density are listed
in Table 3.1.

Tumbling ball mills are the simplest ball mills, consisting of a relatively slow
rotating horizontal cylinder that is partly filled with milling balls and the particles to
be ground. Besides the factors discussed above, the speed of rotation of the mill is
an important parameter, because it determines the trajectory of the balls and the
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mechanical energy applied to the powders. Identifying the critical speed of rotation
as the speed required to take the balls to the apex of revolution, i.e., to the top of the
mill, where the centrifugal force just balances the force of gravity. It is found that
the critical speed, in revolutions per unit time, is equal to (g/a)1/2/(2π), where a is
the radius of the mill and g is the acceleration due to gravity. In practice, ball mills
are operated at about 75 % of the critical speed so that the balls do not reach the top
of the mill, as shown in Fig. 3.9 [47].

An empirical relationship for rate of milling (rmill) is given by:

rmill � Aa1=2m
qd
r
; ð3:18Þ

where A is a numerical constant that is specific to the mill that is used and the
powder that is milled, a is the radius of the mill, ρ is the density of the balls, d is the

Table 3.1 Commercially
available milling media for
ball milling

Milling media Density (g cm−3)

Si3N3 2.3

SiC 3.1

Al2O3 (<95 % purity) 3.4–3.6

Al2O3 (>99 % purity) 3.9

MgO-stabilized ZrO2 5.5

Y2O3-stabilized ZrO2 6.0

Stainless steel 7.7

Tungsten carbide (WC) 14.5

Fig. 3.9 Schematic of a ball
mill in cataracting motion
showing the movement of the
media as the mill rotates about
its axis. Reproduced with
permission from [47].
Copyright © 2007, Springer
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particle size of the powder, and r is the radius of the balls. According to this
relationship, the rate decreases with decreasing particle size. However, there is a
practical milling limit that is reached after a certain time of milling. The variation of
the rate of milling with the radius of the balls is not always valid, because too small
balls cannot supply sufficient energy to fracture the particles.

The objective of the milling is to refine the powders. Therefore, the balls are
expected to fall onto the particles at the bottom of the mill rather than onto the mill
liner itself. To operate a mill at 75 % of its critical speed, for dry milling, the balls
should be 50 % of the mill volume, while the powder filling should be about 25 % of
the mill volume. For wet milling, the values should be about 50 % for balls and 40 %
for the slurry. At the same time, the solid content in the slurry should be 25–40 %.
Comparatively, the energy utilization of wet ball milling is higher that of dry milling
by 10–20 %. Furthermore, wet milling produces powders with higher fraction of
finer particles. However, wet milling has increased wear of the milling media, needs
additional process to dry the powder after milling, and thus easily introduces
contamination.

Another type of ball mill is vibrational ball mills or vibro-mills, which consist of
a drum, filled with a well-packed arrangement of milling media and the charge of
particles. The conventional vibrational mills are operated at frequencies of 10–
20 Hz in three dimensions. The milling medium, usually cylindrical in shape,
occupies more than 90 % of the mill volume. The amplitude of the vibrations is
controlled so as not to disrupt the well-packed arrangement of the milling media.
The three-dimensional motion helps the distribution of the particles. In the case of
wet milling, segregation of the particles in the slurry can be minimized. The rapid
vibratory motion produces an impact energy that is much greater than the energy
supplied to the particles in the tumbling ball mills. Vibratory ball mills therefore
provide a much more rapid refining process comparatively. They are also more
energy efficient than tumbling ball mills. Currently, the vibration frequencies have
been significantly increased.

Agitated ball mills, also known as attrition mills or stirred media mills, are also
widely used for ceramic processing. One of the characteristics of attrition mills is
that the milling chambers are not rotated during the milling. Therefore, the stock of
particles and the milling medium are stirred vigorously with a stirrer rotating
continuously at frequencies of 1–10 Hz. The milling chamber can be arranged
either vertically, as shown in Fig. 3.10, or horizontally with the stirrer located at the
center of the chamber [47]. The milling media consist of small spheres, 0.2–10 mm
in diameter, which fill 60–90 % of the available volume of the mill. They can be
used for either dry milling or wet milling. Agitated ball milling can be conducted in
a continuous way, where the slurry of particles to be milled is fed in at one end and
the milled product is released at the other end. For intensive milling, a large amount
of heat will be produced, which should be taken away by cooling the milling
chamber.

Agitated ball mills have a distinct advantage over tumbling ball mills and
vibratory ball mills, due to their higher energy utilization. They also allow to deal
with slurries with relatively higher contents of solids. The milling efficiency can be
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further enhanced by using fine milling media. In this respect, the contamination of
the milled powder is less serious, when compared with the tumbling ball mills and
vibrational ball mills. Contamination in agitated ball milling can be further reduced
by lining the mill chamber with ceramic materials, combined with the use of
ceramic stirrers and milling media.

3.2.1.4 Mechanochemical Synthesis and Activation

The initial purpose of mechanical milling is to modify physical characteristics of
ceramic powders, such as reducing the particle size and narrowing the size distri-
bution. However, the exploitation of chemical changes during milling for the
preparation of powders has received some interest in recent years. Milling enhances
the chemical reactivity of powders. Rupture of the bonds during particle fracture
results in surfaces with unsatisfied valences. This, combined with the high surface
area favors reaction between mixed particles or between the particles and their
surroundings.

Powder preparation by high-energy ball milling of elemental mixtures is referred
to by various terms, including mechanochemical synthesis, mechanosynthesis,
mechanical driven synthesis, mechanical alloying, and high-energy milling. While
no term has received widespread acceptance, the term mechanochemical synthesis
will be used in this book, unless otherwise specifically stated. The method was

Fig. 3.10 Schematic of an
attrition mill system with
vertical configuration.
Reproduced with permission
from [47]. Copyright © 2007,
Springer
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initially developed for the production of powders of metals and alloys [73–76].
While less attention has been paid to inorganic systems, the method has been
investigated for the preparation of a variety of nonmetallic powders, either directly
synthesized or highly activated [36, 71, 77–87].

Mechanochemical synthesis can be carried out in small mills, such as the Spex
mill, for synthesizing a few grams of powder or in attrition mills for larger quan-
tities. In the Spex mill, a cylindrical vial containing the milling balls and the charge
of particles undergoes large amplitude vibrations in three dimensions at frequencies
of up to 1 kHz. The charge occupies about 20 % of the volume of the vial, and the
amount of milling media (in the form of balls 5–10 mm in diameter) makes up 2–10
times the mass of the charge. The milling is normally carried out for a few tens of
hours for the set of conditions indicated here. The method therefore involves high-
intensity vibratory milling for very prolonged time periods.

One of the most distinctive advantages of mechanochemical synthesis is the ease
of preparation of powders that can otherwise be difficult to produce, such as those
of YAG and spinel. One of the most serious disadvantages is the introduction of
impurities from the mill and milling medium into the powders.

The mechanism of mechanochemical synthesis is still not clarified. First, it could
be due to the occurrence of the reaction by a solid-state diffusion mechanism. Since
diffusion is thermally activated, it would require a significant lowering of the
activation energy, a considerable increase in temperature during the milling, or
combination of the two. Second, although considerable heat is created, the tem-
perature is significantly lower than that required for a solid-state reaction.
Therefore, localized high temperature could trigger the reaction to occur, which
then propagandas throughout the whole powder. Additionally, it is also possible
that self-propagation reaction could be occurring. However, this is only possible for
those highly exothermic reactions, such as the formation of silicides or carbides, not
very applicable to oxides like transparent ceramics.

The fabrication of transparent ferroelectric ceramics, involving high-energy ball
milling, has been demonstrated for PLZT(x/65/35) (x = 6–9), PMN, and PMN-PT
[88–90]. Here, PLZT8/65/35 is used as an example [90]. Commercially available
PbO, La2O3, ZrO2, and TiO2 powders were used as the starting materials with the
nominal composition of (Pb0.92La0.08)(Zr0.65Ti0.35)0.98O3 (PLZT8/65/35), with
10 wt% excess PbO, used to compensate the lead evaporation during the sintering
process. The milling operation was carried out by using a planetary high-energy
ball milling system in air at room temperature for 36 h. A 250 ml tungsten carbide
vial and 100 tungsten carbide balls with diameter of 10 mm were used as a milling
medium, with a ball-to-powder weight ratio of 40:1. The milling speed was set at
200 rpm, while the milling was stopped for 5 min for every 25 min of milling to
avoid the potential overheating of the system.

The milled powder was then pressed uniaxially into 10 mm diameter pellets. The
green pellets of about 70 % of the theoretical density were sintered in air for 4 h at
temperatures from 900 to 1000 °C, with both heating and cooling rate being
10 °C min−1. Transparent PLZT ceramics could be obtained by annealing the
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sintered samples at 1125 °C for 6 h. Such annealing was repeated four times,
resulting in a total annealing time of 24 h.

Figure 3.11 shows XRD pattern of the oxide mixture with a composition of
PLZT8/65/35, which was high-energy ball milled for 36 h. Perovskite phase of
PLZT is the predominant phase, while a peak of PbO is still observed, which can be
attributed to the excessive and unreacted PbO. This observation means that the
high-energy ball milling can trigger the reaction of the oxide components to form
the desired compound. As mentioned earlier, although localized high temperature is
possible, the overall temperature of the milling system (milling media plus the
milled powder) is very close the room temperature. Therefore, the phase formation
mechanism triggered by the high-energy ball milling should be different from that
caused by high temperature reaction [91–93]. Figure 3.12 is the SEM image of the
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Fig. 3.11 XRD pattern of the
oxide mixture with a nominal
composition of PLZT8/65/35
milled for 36 h in air at room
temperature. Reproduced with
permission from [90].
Copyright © 2001, Elsevier

250nm

Fig. 3.12 SEM image of the
milled oxide mixture.
Reproduced with permission
from [90]. Copyright © 2001,
Elsevier
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as-milled powder, showing that powder has a particle size at the scale of tens of
nanometer. It is believed that the refined characteristic of the powders caused by the
high-energy ball milling that makes it possible to obtain the fully dense PLZT
ceramics at sintering temperature of as low as 1000 °C. It can be understood that the
continuous milling would also prevent the growth of the particles.

Figure 3.13 shows cross-sectional SEM images of the samples sintered at dif-
ferent temperatures for 4 h. After sintering at 900 °C, the sample has an average
grain size of only about 0.38 μm, even though the grains are well developed with
clear grain boundaries. As the sintering temperature is increased to 925 °C, the
average grain size slightly increases to 0.41 μm. The microstructures of the PLZT
ceramics sintered at 900 and 925 °C are nearly identical. When the sintering
temperature is increased to 950 °C, the average grain size of the sample is increased
greatly to about 1.1 μm. Further increase in sintering temperature did not result in
significant grain growth, with average grain sizes of 1.5 μm for 975 °C and 1.8 μm
for 1000 °C. It means that 950 °C is a critical sintering temperature at which a sharp
increment in grain size of the PLZT ceramics occurs. Figure 3.14 shows surface
SEM images of the chemically etched PLZT ceramics, which were derived from the

 
m1μ

(a) (b)

(c) (d)

Fig. 3.13 Cross-sectional SEM images of the PLZT ceramics derived from the milled oxide
mixture sintered for 4 h at different temperatures: a 900 °C, b 925 °C, c 950 °C and d 1000 °C.
Reproduced with permission from [90]. Copyright © 2001, Elsevier
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sintered samples by repeatedly annealing at 1125 °C for 6 h for 4 times. Obviously,
the grain size of the annealed samples decreases gradually with sintering
temperature.

The variations of average grain size of the sintered and annealed PLZT ceramics,
as a function of sintering temperature, are shown in Fig. 3.15. This observation can
be explained, by considering the process as a two-step sintering. A two-step sin-
tering process was used to control the grain growth of nanosized Y2O3, in which the
Y2O3 was initially heated to 1310 °C without stop and then cooled to 1150 °C and
kept at the temperature for 20 h [94]. Fully sintered Y2O3 ceramics without final-
stage grain growth could be achieved. The suppression of the final-stage grain
growth has been attributed to that the second-step sintering proceeded in a ‘frozen’
microstructure with slower kinetics. For the PLZT ceramics sintered at different
temperatures, the ‘frozen’ degree in microstructure was different. The higher the
sintering temperature at which the ceramics were obtained, the higher the ‘frozen’
degree in microstructure. Therefore, the PLZT ceramics sintered at low temperature
with small grain size will lead to the annealed samples with large grain size. The
annealed PLZT ceramics were all transparent, with optical properties similar to

m6μ

(a) (b)

(c) (d)

Fig. 3.14 Chemically etched surface SEM images of the 1125 °C-annealed PLZT ceramics that
were previously sintered for 4 h at different temperatures: a 900 °C, b 925 °C, c 950 °C and
d 1000 °C. Reproduced with permission from [90]. Copyright © 2001, Elsevier
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those fabricated by using other methods reported in the open literature, demon-
strating the efficiency and effectiveness of this mechanochemical synthesis
technique.

Planetary high-energy ball milling has also been used to synthesize spinel and
YAG powders [36, 37, 95]. Commercially available MgO (99.99+ % purity) and
Al2O2 (99.9+ % purity) powders were mixed with the composition of MgAl2O4,
which for 12 h, with milling parameters similar to those used for the above PLZT.
Figure 3.16 shows XRD pattern of the mixture of MgO and Al2O3 that was milled
for 12 h [37]. There is no other phase observed in the XRD pattern, which means
that no reaction occurred during the milling process. However, the broadened and
reduced diffraction peaks of Al2O3 and MgO imply that the grains of Al2O3 and
MgO have been greatly refined as a result of the high-energy ball milling. This is
evidenced by the SEM image of the milled mixture, as shown in Fig. 3.17. The
milled mixture powder has grain sizes from 100 to 300 nm. Some small particles
are within tens of nanometers. The refined structure of the milled mixture is directly
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Fig. 3.15 Grain size
variations as a function of
sintering temperature of the
PLZT ceramics before and
after thermal annealing at
1125 °C. Reproduced with
permission from [90].
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Fig. 3.16 XRD pattern of the
mixture of MgO and Al2O3

(for MgAl2O4) milled for
12 h. Reproduced with
permission from [37].
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allows the low temperature formation of MgAl2O4 spinel phase from the mixture.
In this case, the high-energy milling is not to facilitate the chemical reaction, but
only to refine the powders so as to increase their reactivity and thus decrease the
phase formation temperature.

Figure 3.18 shows XRD patterns of the milled mixture calcined at different
temperatures for 2 h. The MgAl2O4 spinel phase was readily formed after calcining

Fig. 3.17 SEM image of the
mixture of MgO and Al2O3

(for MgAl2O4) milled for
12 h. Reproduced with
permission from [37].
Copyright © 2002, Elsevier
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Fig. 3.18 XRD patterns of
the mixture of MgO and
Al2O3 (for MgAl2O4) milled
for 12 h after calcination at
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from [37]. Copyright © 2002,
Elsevier
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at 900 °C for 2 h, indicating the high reactivity of the MgO and Al2O3 mixture as a
result of the high-energy ball milling. This temperature is significantly lower than
required by the conventional solid-state reaction process where calcinations tem-
perature is usually as high as 1300 °C. Therefore, this temperature (900 °C) for the
phase formation of MgAl2O4 is comparable with those required by using most wet-
chemical routes. However, the mechanical milling method is much simpler than the
chemical ways, showing its potential application in the fabrication of transparent
ceramics.

Similar results were observed for YAG [36]. Mixture of commercial Y2O3 and
Al2O2 powders, with the nominal composition of Y3Al5O12, was milled for 12 h.
The milled mixture was then calcined for form YAG. Figure 3.19 shows XRD
patterns of the milled powder which was calcined at different temperatures. YAG
phase was formed after calcining at 1000 °C, which consisted of particles with an
average particle size of 0.1–0.2 μm. Both the grain size and grain morphology of
the YAG powders produced by using the high-energy ball milling are similar to
those which were synthesized by using the chemical routes reported in the
literature.

In another study, the refining effect of the high-energy milling has been con-
firmed by using TEM observation. Figure 3.20 shows TEM and high resolution
(HR)TEM images of the Y2O3 and Al2O2 mixture ball milling for 20 h. Although
agglomerated particles were formed due to the milling, they consisted of nanosized
crystals, as shown in Fig. 3.20b. It is also found that there are defects, such as lattice
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Fig. 3.19 XRD patterns of
the mixture of Y2O3 and
Al2O3 (for Y3Al5O12) milled
for 12 h after calcination at
various temperatures for 2 h:
a as-milled, b 900 °C,
c 1000 °C, d 1100 °C,
e 1200 °C, f 1300 °C,
g 1400 °C and h 1500 °C.
Reproduced with permission
from [36]. Copyright © 2002,
Elsevier
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mismatch and nanocracks, at the boundaries of the small crystals. The presence of
such defects, together with the nanosized crystals, has been responsible for the low
temperature formation of YAG. It is expected that such powders should be suitable
to produce transparent ceramics, which deserves further development.

Besides the examples discussed above, ball milling has also been used to modify
or treat powders to have improved sintering behavior and thus optical properties,
although the mechanisms behind are still not clearly identified [97–101].

A commercial jet mill was used to treat Yb3+ doped Lu2O3 powder that was
synthesized by using co-precipitation method [97]. The effect of feed rate was
specifically studied. It was found that jet milling is able to break large agglomerates
without cross-contamination. Median agglomerates were refined from 8.74 to
1.06 μm, when the powder was jet milled at an optimized feed rate 0.75 lb h−1. By
using a sacrificial run, contamination could be effectively eliminated. The Yb:
Lu2O3 ceramics made from the jet milled powders exhibited homogeneous
microstructure and high transparency, with transmission very close to the theoret-
ical limit. The jet mill was lined with tungsten carbide (WC).

A similar effect was observed when ball milling was used to treat commercial
Lu2O3 powder, followed by sintering with spark plasma sintering method [98]. The
application of ball milling could reduce the particle size of commercial Lu2O3

powder, so that the as-sintered samples derived from the milled powder had larger
grain sizes than those from the unmilled powder. It was found that the former had
much poorer optical transmittance, which was attributed to the assumption that ball
milling introduced defects into the Lu2O3 powder, because no direct evidence
provided in that study. However, after the two groups of samples were annealed at
1050 °C for 12 h, they became almost the same without obvious difference in
appearance. Furthermore, the samples made with the milled powder had slightly

(a) (b)

Fig. 3.20 TEM (a) and HRTEM (b) images of the mixture of Y2O3 and Al2O3 (for Y3Al5O12)
milled for 20 h (A for Al2O3 and Y for Y2O3). Reproduced with permission from [96]. Copyright
© 2009, Elsevier
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higher optical transmittance in the visible range. This is because thermal annealing
eliminated the defects in the samples from the milled powder and due to their large
grain sizes they possessed better optical properties. Although this effect is not very
significant, it could be of interest and importance when a slight increase in trans-
parence may lead to great improvement in performance, especially for laser
applications. The milling in this study was conducted with ZrO2 media in ethanol.

The effect of ball milling has also been demonstrated in other transparent
ceramics. It was shown that, when using Y2O3, α-Al2O3, and Nd2O3 to prepare Nd:
YAG ceramics through solid-state reaction, ball milling time had a crucial effect on
particle size, densification behavior, microstructure development of the powder, and
optical properties of the final transparent ceramics [99]. It was found that 12 h is the
critical milling time, below which porosity of the Nd:YAG ceramics sintered at
given temperatures was decreased with increasing milling time. Above this milling
time, further increase in milling time had no obvious effect. The main reason is the
refinement of the coarse powders due to the ball milling. A planetary ball mill, with
10 mm diameter alumina (Al2O3) balls, was used to mill the powders in ethanol.
The disc and bottle (vial or container) rotation speeds were 130 and 260 rpm,
respectively. The balls-to-powder weight ratio was 3:1, while the solid loading of
the ball milled slurry was about 1.8 g ml−1.

A very interesting observation on the effect of ball milling on densification and
optical properties of Ho:Y2O3 transparent ceramics prepared by using solid-state
reaction method with commercial oxide powders [101]. Commercial Y2O3

(>99.99 %), Ho2O3 (>99.99 %), and ZrO2 (>99 %) powders were mixed, according
to the stoichiometric composition of (Ho0.005Y0.995)2O3, with 3 wt% ZrO2 as sin-
tering aid. A planetary milling machine was used for the ball milling experiment,
with milling of 15 h, speed of 140 rpm and agate balls (5 mm in diameter) in high
purity ethanol. Powder and ball filling was fixed, with the weight ratio of powder:
ball of 1:2. The solid content (CS) of the slurry, or called slurry concentration, was
adjusted between 33.2 and 17.4 vol%, i.e., CS = 33.2, 23.7, 20.7, 19.5, 18.4 and
17.4 vol%, by controlling the amount of ethanol. The slurry was then dried at 80 °C
for 24 h and sieved through a 140-mesh screen. After removing organic components
by calcining at 800 °C for 3 h, the powders were uniaxially pressed into pellets at
15 MPa. The pellets were then further cold isostatically pressed (CIP) at 200 MPa.
After CIP, the green bodies were sintered by using a vacuum furnace under vacuum
(P ≤ 10−3 Pa) for various times at temperature range of 1400–1850 °C. It was found
that the slurry concentration has an obvious effect on agglomeration behaviors of the
powders, which 18.4 vol% is an optimized concentration.

Figure 3.21 shows relative densities of the Ho:Y2O3 ceramics as a function of
sintering temperature, which were made with powders corresponding to different
slurry concentrations. In the range of Cs = 33.2–18.4 vol%, the relative density of
the sintered samples increased steadily with decreasing slurry concentration at
every given sintering temperature. After sintering at 1850 °C for 2 h, the samples
with 20.7–17.4 vol% slurry concentration were sintered to over 99 % relative
density, while those with slurry concentration of 23.7 and 33.2 vol% had much
lower bulk density, reaching only 98.1 and 97.3 %, respectively. This implies that
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the agglomerated powders were difficult to be completely densified, as stated ear-
lier. The solid concentration should be optimized in the range of 17.4–20.7 vol% in
this case.

Figure 3.22 shows SEM images of the Ho:Y2O3 ceramics for different CS values,
which were sintered at 1800 °C for 2 h. Grain boundary pores can be observed in
the 33.2 vol% ceramics, as shown in Fig. 3.22a. These pores could be attributed to
the large pores present between the agglomerates. Pore grain boundary separation
would have occurred during the sintering process, so that it was difficult to remove
the pores that have been entrapped in the samples during the sintering. The presence
of the residual pores embraced in the samples became the major factors that affected
their optical transparency. With decreasing slurry concentration, grain growth was
gradually promoted and pores were removed, as shown in Fig. 3.22b, c.

Figure 3.23 shows grain growth kinetics for the 33.2, 23.7, and 18.4 vol%
samples sintered at 1800 °C for 0.25–30 h, according to grain growth kinetic rate
equation. After trying n values of 2–4, it was found that n = 3 provided the best
fitting for the data. It has been accepted that a grain growth exponent of 3 means
that grain growth was controlled by either liquid phase mass transport or solute drag
mechanisms in solid-state systems, if the mass migration was controlled boundary
mechanism. SEM examination indicated that only a small number of isolated grain
boundary pores were observed in the sample sintered at 1800 °C for 0.25 h, which
suggests that the grain growth was most likely controlled by grain boundary
migration instead of pore drag. Because there was no liquid phase in this case, the
cubic grain growth kinetics should be due to solute drag. It also implies that
agglomeration of the powders had no effect on the sintering mechanism, but greatly
influenced the microstructural development.

In-line optical transmittance spectra of the ZrO2-doped Ho:Y2O3 ceramics sin-
tered at 1800 °C for 30 h, which were from the powders corresponding to different
slurry concentrations, are shown in Fig. 3.24. All the absorption peaks are related to
holmium ion (Ho3+) absorption in the Y2O3 matrix. With decreasing slurry

Fig. 3.21 Relative density
versus sintering temperature
for the ZrO2-doped Ho:Y2O3

ceramics derived from the
powders ball milled with
different slurry
concentrations. Reproduced
with permission from [101].
Copyright © 2015, Elsevier
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concentration, transmittance steadily increased and reached the maximum in the
sample with slurry concentration of 18.4 vol%. After that, it slightly dropped with
further decrease in slurry concentration, implying again that the optimal slurry
concentration was 18.4 vol%. It is understood that this optimization range should be
different for different materials and different powder characteristics even for the
same materials.

3.2.2 Wet-Chemical Routes

There are two main routes to produce ceramic powders from a solution: (i) evap-
oration of the liquid and (ii) precipitation by adding a chemical reagent that reacts
with components in the solution. Other wet-chemical routes include: sol–gel, gel
combustion, emulsion, and so on.

(a) (b)

(c)

Fig. 3.22 Thermally etched surface SEM images of the ZrO2-doped Ho:Y2O3 ceramics sintered at
1800 °C for 2 h in vacuum, corresponding to different slurry concentrations: a 33.2 vol%, b 23.7
vol% and c 18.4 vol%. Reproduced with permission from [101]. Copyright © 2015, Elsevier
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3.2.2.1 Chemical Precipitation/Co-precipitation

Mechanisms of Precipitation

The kinetics and mechanism of precipitation have been well studied and widely
available in the open literature [8, 22, 23, 102–107]. Precipitation from solution
involves two basic steps: (i) nucleation of fine particles and (ii) growth of the nuclei.
The control of the powder characteristics is realized by controlling the reaction
conditions for both nucleation and growth, as well as the extent of coupling
between the two processes.

Fig. 3.23 G3
–G0

3 vs sintering
time for the ZrO2-doped Ho:
Y2O3 ceramics sintered at
1800 °C with different slurry
concentrations. Reproduced
with permission from [101].
Copyright © 2015, Elsevier

Fig. 3.24 In-line optical
transmittance spectra of the
ZrO2-doped Ho:Y2O3

ceramics (2.14 mm thick)
from the powders with
different slurry
concentrations. Reproduced
with permission from [101].
Copyright © 2015, Elsevier
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Nucleation Stage

The type of nucleation for precipitation from a solution belongs to homogeneous
nucleation, because it occurs in an essentially homogeneous phase, with no foreign
inclusions in the solution or on the walls of the reaction vessel. If these inclusions
are present and assist the nucleation, the process is then called heterogeneous
nucleation. Once heterogeneous nucleation is present, it is difficult to control the
particle sizes. Therefore, heterogeneous nucleation should be avoided. However,
heterogeneous nucleation can be applied to synthesize particles with desirable
coatings.

The classical theories for vapor-to-liquid and vapor-to-solid transformations
have been successfully used to describe the homogeneous nucleation of solid
particles in solutions [108, 109]. For such a purpose, it is necessary to highlight the
main features of the classical theories for vapor-to-liquid transformation. When
there are random thermal fluctuations applied to a supersaturated vapor consisting
of atoms or molecules, the density and free energy of the system will be fluctuated
locally. Density fluctuations create clusters of atoms known as embryos, which can
grow by absorbing atoms from the vapor phase. The embryos have a range of sizes
in the vapor with vapor pressures that can be well described by the following
Kelvin equation [110]:

ln
p
p0

� �
¼ 2cml

kTr
; ð3:19Þ

where p is the supersaturated vapor pressure, p0 is the saturated vapor pressure, γ is
the specific surface energy of the cluster, vl is the volume of the molecule in a liquid
drop that is formed by condensation of the vapor, k is the Boltzmann constant, T is
the absolute temperature, and r is the radius of the embryo, which is assumed to be
spherical. Due to the higher vapor pressures, small embryos evaporate back to the
vapor phase. In this case, there is a critical radius rc for the embryos. Those with
radius smaller than this critical value cannot grow, while those with r > rc can grow
into larger and larger ones. The formation of nuclei should overcome an energy
barrier, which can be represented by the free energy change, due to the formation of
a spherical nucleus with a radius r. The change in Gibbs free energy can be written
as:

DGn ¼ 4pr2c� 4
3
pr3DGv: ð3:20Þ

The first term on the right-hand side is the intrinsically positive contribution of
the surface free energy, while the second term is due to the contribution by the bulk
free energy change. With unit volume of the liquid, the free energy change Gv due
to the transfer from vapor to liquid is given by [108]:
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DGn ¼ kT
vl

ln
p
p0

� �
; ð3:21Þ

where vl is the volume per molecule in the liquid. Substituting for Gv in Eq. (3.20)
yields:

DGn ¼ 4pr2c� 4
3
pr3

kT
vl

ln
p
p0

� �
: ð3:22Þ

Accordingly, if the supersaturation ratio S = p/p0 = 1, the Gibbs free energy
change ΔGn increases monotonically as a parabola, due to the disappearance of the
bulk term. For S < 1, the ΔGn curve increases more rapidly, because a fractional
S makes the second term on the right-hand side to be positive, enhancing the effect,
owing to presence of the surface free energy barrier. For S > 1, the second term is
negative, so that there is a maximum in ΔGn at some critical radius rc, as shown
schematically in Fig. 3.25. The critical radius rc is obtained by setting d(ΔGn)/
dr = 0, which gives rise to:

rc ¼ 2cvl
kT lnðp=p0Þ : ð3:23Þ

Putting Eq. (3.23) into Eq. (3.22), the height of the free energy activation barrier
can be derived, which is:

DGc ¼ 16pc3v2l
3½kT lnðp=p0Þ�2

¼ 4
3
pr2cc: ð3:24Þ

G

G
C

r
C

Nucleus radius r

Fig. 3.25 Schematic of variation in the free energy versus radius for a spherical droplet. Some
critical size must be exceeded before a nucleus becomes stable. Reproduced with permission from
[111]. Copyright © 1950, American Chemical Society
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Therefore, at this stage, sufficient increase in the supersaturation ratio S = p/p0
results in an increase the atomic/molecular bombardment rate in the vapor, which
leads to a reduction in ΔGc and rc, so that the probability of subcritical embryo
growing to supercritical size in a short time approaches unity.

The nucleation rate I represents the rate of formation of critical nuclei, because
only this kind of nuclei can grow into liquid droplets. According to the pseudo-
thermodynamic treatment of vapor-to-liquid transformation, I is proportional to exp
(−ΔGc/kT), where k is the Boltzmann constant and ΔGc is given by Eq. (3.24). The
rate of the nuclei growth is also dependent on the frequency of atoms to join it,
which can be written as vexp(ΔGm/kT), where ν is the characteristic frequency and
Gm is the activation energy for atom migration. Putting v = kT/h, where h is
Planck’s constant, an approximate expression for the nucleation rate is given by
[112]:

I � NkT
h

exp
�DGm

kT

� �
exp

�16pc3v2l
3kT ½kT lnðp=p0Þ�2

 !
; ð3:25Þ

where N is the number of atoms per unit volume in the phase that is undergoing the
transformation.

Homogeneous nucleation of particles from solution has been observed in various
methods that are used to synthesize ceramic powders [113–116]. For example, in
aqueous solutions, metal ions are usually hydrated [117, 118]. Embryos of hydrated
metal ions are formed by progressive accumulation of ions to one another through a
polymerization process. These polynuclear ions are the precursors for nucleation.
When the concentration of the polynuclear ions is above some minimum super-
saturation level, homogeneous nucleation starts to form solid nuclei. The nucleation
rate of particles from solution can be expressed as [113]:

I � 2NvsðkTcÞ1=2
h

exp
�DGa

kT

� �
exp

�16pc3v2l
3k3T3½lnðCss=CsÞ�2
 !

; ð3:26Þ

where N is the number of ions per unit volume in the solution, vs is the volume of a
molecule in the solid phase, γ is the specific energy of the solid–liquid interface,
ΔGa is the activation energy for the transport of an ion to surface of the solid, Css is
the supersaturated concentration, and Cs is the saturated concentration of the ions in
the solution. The nucleation rate is strongly dependent on the supersaturation ratio
Css/Cs.

Particle Growth Stage

Although nuclei are very small in size, they can grow at different rates and thus
have different sizes, even during the very early stage of nucleation. Therefore, the
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starting point of growth of the nuclei into particles could take place at different
times. Solute species, such as ions or molecules, are transported to the nuclei in a
supersaturated solution, which accumulate at their surface and then are aligned with
the nuclei to form particles. The rate-controlling step in the growth of the particles
can be (i) diffusion toward the particle and (ii) addition of new material to the
particle by surface reaction. The specific mechanisms and the coupling among them
govern the final size and size distribution of the particles.

For diffusion-controlled growth, it is assumed that the nuclei are far away one
another, so that each individual particle can grow at its own rate, the diffusion of
solute species toward the particle can be described by Fick’s first law. If the
particles are assumed to be spherical with radius r, the flux J through any spherical
shell of radius x is given by:

J ¼ 4px2D
dC
dx

; ð3:27Þ

where D is the diffusion coefficient for the solute through the solution and C is
concentration of the solute. Assuming that the saturation concentration Cs is
maintained at the particle surface and that the concentration of the solute far away
from the particle is C, a concentration gradient is built up that approaches a sta-
tionary state in times of the order of r2/D. In this stationary state, J is not dependent
on x, and integration of Eq. (3.27) yields:

J ¼ 4prDðC1 � CsÞ: ð3:28Þ

The rate of increase in radius of the particle is then given by:

dr
dt

¼ JVs

4pr2
¼ DVsðC1 � CsÞ

r
; ð3:29Þ

where Vs is the molar volume of the solid that is precipitating on the particle.
Equation (3.28) can also be rewritten as:

dðr2Þ
dt

¼ 2DVsðC1 � CsÞ: ð3:30Þ

This means that the square of the radius of all particles increases at the same
constant rate, regardless the original size of the particles. Although the assumptions
leading to Eq. (3.30) are oversimplified, it has been observed that if diffusion
controlled growth is the governing mechanism, particles with different size have the
same magnitude of d(r2)/dt [119].

If the absolute width of the particle size distribution is Δr for a mean radius r and
Δr0 for the mean radius r0 of the system in the initial state, according to Eq. (3.30),
there are:
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Dr
Dr0

¼ r0
r
;

Dr
r

¼ r0
r

� �2Dr0
r0

: ð3:31Þ

According to Eq. (3.31), the absolute width of the size distribution becomes
narrower in the ratio r0/r and the relative width decreases even faster in the ratio
(r0/r)

2.
For surface-reaction-controlled growth, each new layer formed at surface of the

particle has to be nucleated first by a process that is different from the homogeneous
nucleation [120–124]. There are two types of growth mechanisms that have been
observed: mononuclear growth and polynuclear growth. In the mononuclear growth
mechanism, once a nucleation step is formed on the particle surface, there is suf-
ficient time for the entire layer to form before a new step starts. In this case, the
particles grow due to the increase in thickness of the layers on their surfaces. Due to
the growth is realized layer by layer, the particle surface may have faceted
appearance at the macroscopic scale. The particle growth can be described by the
following equation:

dr
dt

¼ K1r
2; ð3:32Þ

where K1 is a constant. The relative width of the size distribution is given by:

Dr
r

¼ r
r0

Dr0
r0

; ð3:33Þ

which increases in the ratio r/r0.
In the polynuclear growth mechanism, formation of nucleation steps on the

particle surface is too fast, so that a new layer is created before the previous one has
been completed. The growth rate is independent of the surface area of the particles,
which is given by:

dr
dt

¼ K2; ð3:34Þ

where K2 is a constant. In this case, the relative width of the distribution decreases
according to the following equation:

Dr
r

¼ r0
r
Dr0
r0

: ð3:35Þ

Particle Size Distribution

The principles to obtain particles with a narrow size distribution by precipitation
from solution have been well studied [20, 111, 125, 126]. The main features can be
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represented in the diagram shown in Fig. 3.26, which is often referred to as the
LaMer diagram. With the progress of the reaction, the concentration of the solute to
be precipitated, Cx, increases to or above the saturation value Cs. If the solution is
assumed to be free of foreign inclusions and the container walls are clean and
smooth, it is possible for Cx to largely exceed Cs, so as to form a supersaturated
solution. Finally, a critical supersaturation concentration Css will be reached after
some time t1, where homogeneous nucleation and growth of solute particles will
occur, leading to a decrease in Cx to a value below Css after a time t2. Further
growth of the particles continuously takes place due to diffusion of the solute
through the liquid and then the precipitation onto surface of the particles.
Eventually, particle growth stops after t3 when Cx = Cs. To obtain particles with
uniform size, the nucleation should be triggered in a short time interval, t2–t1. This
could be achieved by using solutions with sufficiently low concentration of reac-
tants. At the same time, the solute should be released slowly, to allow the diffusion
mechanism to occur, so that solute will precipitate onto the particles without further
nucleation.

Particle Aggregation

The particles synthesized by precipitation form solution could consist of aggregates
of much finer primary particles [17–19, 127–132]. With DLVO theory for colloid

Fig. 3.26 Schematic representation of the solute concentration versus time in the nucleation and
growth of particles from a solution. Reproduced with permission from [111]. Copyright © 1950,
American Chemical Society
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stability, it is found that under identical surface charge densities, the barrier to
aggregation increases with the size for two equal-sized particles, so that their rate of
aggregation decreases exponentially. Also, fine particles aggregate more quickly
with large particles than they do with themselves. According to the model, during a
precipitation reaction, the first nuclei grow rapidly by aggregation to a size that is
colloidally stable. These particles then sweep through the suspension, picking up
freshly formed nuclei and smaller aggregates. The formation of particles with
uniform size is thus possible through the size-dependent aggregation rates.

Ostwald Ripening

The growth of particles in liquids has also been observed, through a process called
dissolution–precipitation, in which the smaller particles are dissolved and the solute
precipitates on larger particles. This type of growth, also called coarsening, is
known as Ostwald ripening [133–137]. The coarsening of precipitates in solid
media can occur by a similar process. The theory of Ostwald ripening is also known
as the Lifshitz–Slyozov–Wagner (LSW) theory. Matter transport from smaller
particles to larger particles can be controlled by either (i) diffusion through the
liquid or (ii) interface reaction. The average radius 〈r〉 of the particles assumed to be
spherical is predicted to increase with time t, according to the following equation:

hri ¼ hr0im þ Kt; ð3:36Þ

where 〈r0〉 is average radius of the particles at the initial state, K is a constant that
obeys the Arrhenius relation and m is an exponent that is dependent on the
mechanisms, with m = 2 for interface reaction control and m = 3 for diffusion
control. With any initial particle size distribution, the final particle size distribution
always approaches a self-similar distribution, because it is dependent only on r/〈r〉
and independent on time. The maximum radius of the distribution is 2〈r〉 for the
interface reaction mechanism and (3/2)〈r〉 for the diffusion mechanism. Therefore,
Ostwald ripening alone cannot be used to obtain monodispersed powders.

Chemical Precipitation

Various powders for transparent ceramics have been synthesized by using chemical
precipitation methods [138–154]. Chemical precipitation starts when a metal salt
solution is mixed with a precipitant solution. Metal salts that can be used to prepare
solutions mainly include chlorides, nitrates sulfates and acetates, as well as alk-
oxides or other forms. The most widely used precipitants are ammonia water
(NH3·H2O), ammonia carbonate ((NH4)2CO3), ammonia bicarbonate (NH4HCO3),
sodium carbonate (Na2CO3), potassium carbonate (K2CO3), sodium hydroxide
(NaOH), potassium hydroxide (KOH), urea (CO(NH2)2), hydrazine (N2H4),
ammonium oxalate ((NH4)2C2O4), ammonium citrate ((NH4)2C6H6O7), and so on.
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The mixing of the precipitated solutions and the precipitant solutions can be con-
ducted in various ways. Therefore, chemical precipitation is a very feasible syn-
thesis method, which can be carried out through various combinations of the ion
salts and precipitants, as well as those processing parameters. However, only
limited ways have been used in the open literature.

The products or precipitates are not oxides, instead, they are most likely
hydroxides or carbonates, depending on the properties of the salts and the pre-
cipitants. The ionic reactions for precipitation of Mg2+ and Al3+ are as follows:

Mg2þ þ 2OH� ! MgðOHÞ2 #; ð3:37Þ

Al3þ þ 3OH� ! AlðOHÞ3 #; ð3:38Þ

Mg2þ þ CO2�
3 ! MgCO3 #; ð3:39Þ

2Al3þ þ 3CO2�
3 þ 3H2O ! 2AlðOHÞ3 # þ3CO2 " : ð3:40Þ

The precipitants are filtered, washed, and dried to make oxide powders. Oxide
powders can be obtained by calcining the precipitants at a suitable temperature.
Properties of the final oxide powders are determined by the properties of the pre-
cipitants, including particle size, size distribution, morphology, and so on. The
properties of the precipitants can be controlled by various conditions, such as type
of the metallic ions, concentration of the solutions, pH value, temperature, the way
of mixing, and use of additives. Particle size of the derived powders sometimes is
dependent on calcination temperature.

The precipitation of magnesium carbonate, from reaction of MgCl2 with
Na2CO3, with the presence of polyacrylamide (PAM), has been studied [155]. It
was found that, various factors, such as such as PAM concentration, reaction
temperature, and stirring speed, could affect the precipitation behavior of magne-
sium carbonate. The product weight increased slightly with increasing content of
PAM, but decreased slightly with increasing temperature, while the stirring speed
exhibited almost no effect. The precipitants obtained at 25 and 50 °C were
nesquehonite, i.e., MgCO3·3H2O. At 75 °C, the final product was an unidentified
amorphous phase. Morphology of the magnesium carbonate was determined by the
concentration of the polymer. Figure 3.27 shows SEM images of the precipitates,
showing the effect of PAM content on the morphology of the precipitation products.
With increasing PAM concentration, particle morphology of the precipitates was
changed from plate block shape to fan-like shape. This effect of PAM was attributed
to the adsorption of the polymer on surface of the precipitates during the precipi-
tation. Obviously, MgCO3 powders with such morphologies are not suitable to be
used for fabrication of MgO transparent ceramics.

Another example is the synthesis of MgO nanoparticles from hydroxide pre-
cipitation in aqueous solutions [156]. The precipitation was conducted at a con-
trolled temperature, while MgCl2 solution at a concentration of 1 mol L−1 was
mixed with NaOH solution with a concentration of 2 mol L−1. The two solutions
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were mixed by simultaneously pouring into a 100 mL cylindrical container in a bath
at 80 °C for 2 h. Vigorous stirring was applied during the mixing of the two
solutions, while the stirring was continued during the aging of the precipitate. The
suspension was aged at the reaction temperature for 2 h and then at room tem-
perature for 1 day. The solid phase obtained was recovered by filtration, which was
washed with deionized water and absolute alcohol and then air-dried at 60 °C for
4 h. The powders were finally subject to a hydrothermal treatment at 250 °C for 1 h,
370 °C for 2 h and 435 °C for 3 h, successively. Figure 3.28 shows SEM image of
the MgO powder. Although the MgO powder was used for sorption of uranium, it is
believed to be suitable as precursor powder transparent MgO ceramics.

There has been a report on the synthesis of nanocrystalline α-alumina powders,
with a primary mean particle diameter of 10 nm, by using chemical precipitation
from aluminum nitrate and ammonia solution [157]. The presence of ammonium
nitrate, which was the by-product of the precipitation reaction in the Al(OH)3 dry
gel, was found to be able to decrease the formation temperatures of γ-, δ-, θ-, and
α-Al2O3 during heating. With the presence of 5 wt% α-alumina seed crystals, with
an average diameter of 100 nm, together with 44 % ammonium nitrate, the
θ-Al2O3 → α-Al2O3 conversion temperature was decreased from 1200 to 900 °C.

(a) (b)

(c) (d)

Fig. 3.27 SEM images of the powders made with different PAM concentrations (mg L−1): a 0.2,
b 0.4, c 0.6 and d 0.8. Reaction temperature was 25 °C, with stirring speed of 500 rpm.
Reproduced with permission from [155]. Copyright © 2010, Elsevier
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The α-Al2O3 powder milled in anhydrous alcohol has an agglomeration strength of
76 MPa, which was soft agglomerate, whereas the sample milled in deionized water
exhibited an agglomeration strength of 234 MPa, which belonged to hard
agglomerate. Regardless to the state of agglomeration, the initial stage sintering of
the two powders was controlled by grain boundary diffusion, with activation
energies of 365 and 492 kJ mol−1, respectively. The alumina ceramic produced by
sintering the soft agglomerated powder at 1400 °C for 2 h showed a mean grain size
of 0.93 μm, a mean flexural strength of 700 MPa, and a fracture toughness of
4.75 MPa m1/2.

Figure 3.29 shows a TEM image of the as-synthesized α-Al2O3 powder, indi-
cating that the diameter of the primary particles before milling is about 10 nm.
Figure 3.30 shows SEM images of the α-Al2O3 powders milled in anhydrous

Fig. 3.28 SEM image of the
MgO powders. Reproduced
with permission from [156].
Copyright © 2012, John
Wiley & Sons

Fig. 3.29 TEM image of the
α-Al2O3 powders before ball
milling. Reproduced with
permission from [157].
Copyright © 2000, Elsevier
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alcohol and deionized water. After ball milling, both powders were agglomerated,
with agglomerate diameters in the range from less than 0.1 μm to about 7 μm. For
both powders, the green density versus compaction pressure curves consisted of
two straight lines but with different slopes. By assuming that the change in slope is
related to agglomeration strength, the agglomeration strengths of the two powders
were estimated to be 76 and 234 MPa, for anhydrous alcohol and deionized water,
respectively.

It has been accepted that the microstructural homogeneity of the green bodies is
determined by the strength of agglomerates. Figure 3.31 shows SEM images of the
green bodies from the two α-Al2O3 powders. Obviously, the sample from the
powder milled in anhydrous alcohol more homogeneous than the one from the
powder milled in deionized water. This is because the compaction pressure
of *200 MPa was higher than the agglomeration strength of the powder milled in
anhydrous alcohol, so that the agglomerates could be broken. As stated above, this

Fig. 3.30 SEM images of the α-Al2O3 powders milled in different solvents: a anhydrous alcohol
and b deionized water. Reproduced with permission from [157]. Copyright © 2000, Elsevier

Fig. 3.31 SEM images of the green bodies from the α-Al2O3 powders with different
agglomerations: a soft and b hard. Reproduced with permission from [157]. Copyright © 2000,
Elsevier
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powder was soft agglomerated. In contrast, the powder milled in deionized water
had hard agglomerates, which could not be crashed down. Relative densities of the
green bodies for the soft and hard agglomerated powders were 36.62 and 28.94 %,
respectively. The two green bodies showed different linear shrinkage behaviors,
implying their different sintering behaviors due to the different agglomeration
properties.

SEM images of the final ceramics derived from the two powders are shown in
Fig. 3.32 [157]. The soft agglomerated powder led to a green body with homo-
geneous microstructure. The final ceramics reached a relative density of 99 %, with
an average grain size of 0.93 μm. Due to the inhomogeneous green body, the
sample with hard agglomeration experienced a differential sintering and a different
internal stresses in the compact. Comparatively, the hard agglomerated powder
could only be sintered to a relative density of 73.06 %. This study provided an
important reference to the development of transparent ceramics.

Monodispersed porous α-Al2O3 nanoparticles with controllable sizes have been
prepared by using a homogeneous precipitation method [158]. The precipitation
solutions were prepared with Al(NO3)3·9H2O and Al2(SO4)3·18H2O in distilled
water. The Al3+ concentration in the solutions were 10 and 0.5 mmol L−1.
Precipitant was urea (CO(NH2)2), with a mole ratio of CO(NH2)2/Al

3+ to be 100.
After vigorous stirring for 0.5 h, the reaction mixtures were heated to 95 °C at a
constant heating rate of 2 °C min−1 and then kept at the temperature for 3 h for
precipitation. The precipitates obtained were thoroughly washed and then dried at
60 °C. The dried precipitates were then calcined at different temperatures for 2 h at
a heating rate of 5 °C min−1. α-Al2O3 nanoparticles could be obtained after cal-
cination at 1200 °C. Diameters of the porous α-Al2O3 nanoparticles obtained with
an Al3+ concentration of 10 mmol L−1 were in the range of 200–500 nm, while
diameters of those with an Al3+ concentration of 0.5 mmol L−1 were in the range of
40–70 nm. The porosity developed during the heating process was due to phase
transformation and shrinkage of precursor particles. Figure 3.33 shows

Fig. 3.32 SEM images of the final ceramics sintered at 1400 °C for 2 h from the α-Al2O3 powders
with different agglomerations: a soft and b hard. Reproduced with permission from [157].
Copyright © 2000, Elsevier
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representative TEM images of the as-synthesized amorphous precipitate and
nanoparticles after annealing at 1200 °C by using the precipitation method.

Ultrafine yttria particles with near-monodispersed size were synthesized solution
by using a homogeneous precipitation method with urea as precipitant [159]. The
effects of four experimental variables, including concentrations of yttrium ion and
urea, reaction temperature, and solution pH value, on morphology of the particles
and the reaction kinetics, have been studied in the system. It was found that the
concentration of yttrium ion, which was varied in the range of 0.005–0.04 M,
showed a significant effect on the average size of the particles, which monotonically
increased from 65 nm to over 220 nm. Moreover, with increasing concentration of
yttrium ion, the size distribution was gradually broadened and the particles started
to form agglomeration at concentrations of 0.025 M and above, which was
attributed to the reduction of zeta potential of the solutions. However, the yttrium
ion concentration had no obvious effect on the rate of precipitation reaction. TEM

(a)

(b)

Fig. 3.33 TEM images of
a amorphous Al(OH)3
nanoparticles and b α-Al2O3

nanoparticles after a
calcination at 1200 °C for 2 h.
Reproduced with permission
from [158]. Copyright ©
2012, Elsevier
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images of representative precipitates from the solutions with different yttrium ion
concentrations are shown in Fig. 3.34.

The effect of the urea concentration is somehow opposite to that of the yttrium
ion concentration. As the urea concentration was increased from 0.04 to 4.0 M, the
average particle size of the precipitates gradually decreased from 220 to 100 nm.
However, too high urea concentration, e.g., 7.0 M, led to serious interparticle
agglomeration. The rate of precipitation was increased with increasing urea con-
centration up to 3.0 M. Above 3.0 M, the effect of the urea concentration was
weakened. Reaction temperature only affected the kinetics of precipitation.
Figure 3.35 shows TEM images of representative precipitates derived from the
solutions with different concentrations of urea [159].

(a)

(d)(c)

(b)

Fig. 3.34 TEM images of the precipitates from the solutions with different Y(NO3)3
concentrations: a 0.005 M, b 0.015 M, c 0.025 M and d 0.04 M. The urea concentration and
pH were fixed at 1.0 and 6.0, while the reaction temperature was 95 ± 1 °C. Reproduced with
permission from [159]. Copyright © 2004, Elsevier
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Arrhenius-type reaction kinetics was used to estimate the activation energy of the
precipitation reaction, resulting in a value of about 29 kcal mol−1, which is com-
parable with the activation energies of urea decomposition, i.e., 28–32 kcal mol−1.
Therefore, the urea decomposition was a rate-determining step in the formation of
the yttria particles for the homogeneous precipitation method. Particle morphology
and the reaction kinetics were also influenced by pH value of the solutions. Low pH
values, e.g., <2.0, particles showed severe agglomeration and the rate of precipita-
tion reaction was slow. As the pH value was higher 3.0, near-monodisperse yttria
particles could be achieved [159].

Complex oxides, such as YAG, spinel, mullite and ferroelectrics, contain more
than one type of metallic element in their chemical formula [140, 160–175]. In this

(a)

(d)(c)

(b)

Fig. 3.35 TEM micrographs of yttrium compound prepared under different urea concentrations as
a 0.04 M, b 0.5 M, c 2.0 M and d 7.0 M. The yttrium concentration and pH value were fixed at
0.02 and 6.0, while the reaction temperature was 95 ± 1 °C. Reproduced with permission from
[159]. Copyright © 2004, Elsevier
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case, chemical precipitation is also called coprecipitation. Chemical coprecipitation
is also applicable to simple oxides with various dopants [138, 139, 142, 144, 145,
176, 177]. The solutions for coprecipitation can be formed with mixed salts
(including chlorides, nitrates and acetates), mixed alkoxides, or combinations of
salts and alkoxides. The types of the anions can be different, but in most cases, they
are same. The co-precipitated precursors have high level homogeneity and thus can
be converted to complex oxide powders at temperatures that are much lower than
that required by the conventional solid-state reaction method. One of the problems
encountered in coprecipitation is the difference in hydrolysis rate of the different
reactants in the solution, which leads to segregation of the precipitated materials.
However, this problem can be readily addressed by controlling the conditions to
achieve homogeneous precipitation.

Monodispersed yttrium aluminum garnet (YAG) powders have been synthesized
by using a homogeneous precipitation method, from mixed solutions of yttrium
nitrate, aluminum nitrate and ammonium aluminum sulfate, with urea as precipitant
[15]. The focus of this study was on the effect of the molar ratio of aluminum
precursors, i.e., aluminum nitrate to ammonium aluminum sulfate. It was found this
molar ratio showed a significant effect on morphology and particle size of the
precipitated powders. Spherical precipitate particles could be obtained when the
molar ratio was 1:1. During the homogeneous precipitation process, aluminum ions
were precipitated first in the form of monodispersed spherical particles. After that,
yttrium ions were precipitated on the surface of the aluminum sphere particles.
Monodispersed spherical YAG particles with a diameter of 500 nm were obtained
by calcining the precipitated powder at 1100 °C for 5 h. The monodispersed
spherical Nd:YAG powders showed high sinterability. Transparent YAG ceramics
have been obtained after vacuum sintering at 1650 °C for 3.5 h. Figure 3.36 shows
SEM images of the precipitates from the solutions with different molar ratios of
aluminum nitrate to ammonium aluminum sulfate.

Hydrothermal Synthesis

Precipitation from solution under hydrothermal conditions has been widely used for
the synthesis of fine crystalline particles of various oxides [178–180]. The process
involves heating reactants, such as metal salts, oxide, hydroxide, or even metal
powder, in the form of solution or suspension, at certain temperatures. Water is the
most widely used solvent. In this case, the precipitation temperatures are set
between the boiling and critical points of water, i.e., 100–374 °C, while the pres-
sures are up to 22.1 MPa, which is the vapor pressure of water at the critical point.
Due to the presence of high pressures, hardened steel autoclaves are usually used to
carry out hydrothermal reactions. The autoclaves have inner surfaces of which are
lined with a plastic, such as Teflon, to prevent corrosion of the vessels. Similar to
chemical precipitation method, hydrothermal synthesis also offers almost unlimited
flexibility in combination of types and concentrations of starting reactants, addi-
tives, pH levels, temperatures, time durations, and so on.
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Hydrothermal synthesis of BaTiO3 powders has been extensively studied [181–
186]. One example is to use the reaction between TiO2 gels or fine anatase particles
and Ba(OH)2 in a strongly alkaline solution (pH 12–13) at 150–200 °C. The
reaction mechanisms have been discussed in detail [187]. Depending on the reac-
tion time and temperature, particles with average sizes in the range of 50–200 nm
can be obtained. An alternative method is the crystallization of an amorphous gel of
barium titanium acetate in a strongly alkaline solution of tetramethyl-ammonium

Fig. 3.36 SEM images of the precipitates from the solutions with different molar ratios of
aluminum nitrate and ammonium aluminum sulfate: a 0.005:0, b 0:0.005, c 0.0033:0.0017,
d 0.0017:0.0033 and e 0.0025:0.0025. Reproduced with permission from [15]. Copyright © 2012,
John Wiley & Sons
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hydroxide at 150 °C for 10–15 h. The process involves dissolution of the gel and
precipitation of crystalline BaTiO3 particles, coupled with Ostwald ripening of the
particles, leading to BaTiO3 with weak agglomeration and average particle sizes of
200–300 nm.

Powders synthesized by hydrothermal synthesis are crystallized phases, so that
the calcination step is not required, which is different from the normal solution
precipitation. The powders also have very fine particle/grain size (10–100 nm),
narrow size distribution, single crystal particles, high purity, and good chemical
homogeneity. However, the application of hydrothermal precipitation to synthesize
transparent ceramic powders is still not very popular, which deserves further
exploration. Several examples are presented as follows [188–192].

One example of hydrothermal synthesis is the preparation of Al2O3 powders
[147, 188]. α-Al2O3 powders and α-Al2O3/γ-AlOOH mixtures with controlled
contents of γ-AlOOH have been synthesized by using a hydrothermal synthesis
[188]. This is a very comprehensive study. First, the hydrothermal reactions were
conducted under alkaline or acidic conditions at 380–435 °C for 1–10 days, at
pressures of 6.9–14.5 MPa, with concentrated precursors without stirring. Second,
the precursors were formed by mixing various types of aluminum hydroxides with
water, and optionally with α-Al2O3 seeds, hydrogen peroxide, sulfuric acid, dopants
(i.e., KMnO4), and/or other additives. Third, all the experiments were performed at
industrial scale by using large production autoclaves.

Furthermore, the synthesized α-Al2O3 powders possessed up to 100 % phase
purity, 99.98 % chemical purity, equiaxed morphology, low aggregation levels,
narrow crystallite size distributions, with primary particle sizes ranging between
100 and 40 μm, as well as high reproducibility. It was clarified that, various
parameters, including types of precursors, the use and properties of seeds, chemical
additives, as well as reaction temperature and time duration of the hydrothermal
synthesis, could be used to govern the properties of the final powders.

Different growth mechanisms for the growth of nanosized and rough powders
were observed. The rough α-Al2O3 was developed by vapor phase transport and/or
surface diffusion from the γ-AlOOH intermediate particles, while the submicrom-
eter α-Al2O3 was formed by assembly of nanosized building blocks, resulting in
crystallographically ideal mesocrystals. Figure 3.37 shows SEM images of repre-
sentative samples derived from the hydrothermal synthesis under different condi-
tions. It is believed that α-Al2O3 powders prepared through optimization of the
hydrothermal synthesis should be suitable for fabrication of high quality transparent
alumina ceramics.

Hydrothermal synthesis has also been used to prepare rare earth oxides, (Y2O3–

Gd2O3):Eu
3+ and Y2O3:(Yb

3+/Er3+), which were used for phosphors applications
[189]. The simple hydrothermal method can be used to control the 1D and 2D
nanostructures of the oxides. The reaction was a conversion of nitrates mixture into
carbonate hydrate phase, with the presence of ammonium hydrogen carbonate
solution, at a reaction temperature of 200 °C for 3 h. Morphological architectures of
the rare earth oxides obtained were controlled by the thermal treatment at
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temperatures of 600–1100 °C and time durations of 3–12 h. The obtained powders
exhibited high purity and homogeneous dopants distribution.

Another example is the synthesis of YAG:Ce (5 %) phosphors [190]. The
hydrothermal reaction was carried out at 360 °C for various time durations, 6–26 h.
Single-phase YAG:Ce (5 %) was obtained. The powder with reaction time of 22 h
was treated by using spark plasma sintering (SPS) in vacuum and in air. No attempt
was made to prepare transparent ceramics with the hydrothermally synthesized
powders. However, these data could be used as a reference, if one wishes to employ
hydrothermal synthesis to produce powders for transparent ceramics.

Core–Shell Structures

Coated particles, known as composite particles, are comprised of particles of one
solid that are coated uniformly with a layer of another material, which have varying
thickness, depending on composition requirement and other properties of the coated
and coating phases [193–196]. Coated particles have several interesting advantages
in terms of ceramic powder processing. For example, the presence of thin coatings

Fig. 3.37 SEM images of the hydrothermally synthesized phase-pure α-Al2O3 powders:
a undoped 10 mm (Exp. No. 3), b Mn-doped 10 mm (Exp. No. 6), c undoped 250 nm
(Exp. No. 9), d Mn-doped 250 nm (Exp. No. 11). All powders were in as-synthesized form. The
Exp. Nos. can be found in the original reference. Reproduced with permission from [188].
Copyright © 2010, John Wiley & Sons
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is able to modify surface characteristics of colloidal dispersions, which allow for
uniform incorporation of additives such as sintering aids and dopants. Particles
coated with thick layers have significantly enhanced sintering behavior. This is
particularly useful to fabrication of ceramic composites and synthesis of complex
oxides.

There are several techniques that have been used to prepare coated particles,
with a schematic shown in Fig. 3.38 [5]. Desirable coatings on particles can be
achieved by controlling several parameters to facilitate proper interaction between
the particulate suspension (A) and the material (B) that is to be precipitated on it
from the solution [197].

Four types of A–B interactions could be observed in experiments. (i) B nuclei
are formed homogeneously in the solution and then grow to form particles that have
no interaction with A, which thus leads to particles of simple mixtures of A and B.
(ii) Particles of B are homogeneously nucleated, which have weak interaction with
particles of A and then deposit on A particles, but with rough and nonuniform
morphology, especially when the B particles have large sizes. (iii) Homogeneously
nucleated particles of B have weak interaction with particles of A at an early stage
to form aggregates, on which the particles of B continuously grow, thus producing a
particulate coating of B on A. The coating could be more homogeneous than that in
case (ii), especially when the B particles are much smaller than the A particles. (iv)
B particles are nucleated heterogeneously on surface of A particles, so that a
uniform layer of B on A due to the growth of the B nuclei. This is the most
desirable case, because smooth and uniform coatings can be formed.

There are several requirements that should be satisfied, in order to produce
coated particles with uniform and smooth coating layers in the above case (iv).
First, the nucleation and growth steps must be separated. Figure 3.39 shows a
modified LaMer diagram for homogeneous precipitation of monodispersed particles
[5]. The curve “a” in Fig. 3.39 is the case of a single burst of homogeneous
nucleation followed by growth. When the A particles are present in the solution,
heterogeneous nucleation of B can be triggered on their surfaces, when the solute
concentration reaches Ch, which is the critical concentration for heterogeneous

Solution

Coating

Dispersed particle

Fig. 3.38 Schematic of the
preparation of coated particles
by the precipitation from
solution onto dispersed
particles. Produced with
permission from [5].
Copyright © 2003, CRC Press
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nucleation. To produce coated particles with uniform coating layers, the presence of
one rapid burst of heterogeneous nucleation, i.e., curve “c” in the figure, without
reaching Css is a critical requirement.

Second, colloidal stability of the dispersion is important. During the nucleation
and growth, the dispersion must be stable against flocculation and settling, in order
to obtain well-dispersed and uniformly coated particles. The newly formed surface
layers during this stage are likely to act as binder to form agglomerates, which once
formed will have destroy the stability of the dispersion system.

Third, surface area of the core particles must be sufficiently large, so that the
concentration of the solute will never reach Css. Otherwise, free particles of B will
be precipitated, besides the coated particles, which is corresponding to curve “b” in
Fig. 3.39. The surface area of the core particles has a direct influence on the rate of
generation of the solute (rg) by the reaction (nucleation) and the rate of removal of
the solute (rr) by precipitation/coating. The minimum surface area of the core
particles that is available for deposition, Amin, is closely related to the maximum
concentration of the solute, Cmax. For a given rg and assuming that the suspensions
are sufficiently concentrated so that the interface reaction is rate-controlling step,
Amin is defined as:

rg ¼ KAminðCss � CsÞ; ð3:41Þ

where K is a constant and Cmax = Css. The maximum surface area for deposition,
Amax, means that the concentration of the solute should exceed Ch, otherwise only

Fig. 3.39 Modified LaMer diagram for the formation of coated particles by precipitation from
solution. Produced with permission from [5]. Copyright © 2003, CRC Press
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partial coating will be realized. As a result, the following equation must also be
satisfied:

rg ¼ KAmaxðCh � CsÞ: ð3:42Þ

The maximum production rate and the latitude of the experimental conditions are
then related to the maximum value of the ratio Amax/Amin. By equating Eqs. (3.41)
and (3.42), there is:

Amax

Amin
¼ 1þ Css � Ch

Ch � Cs
: ð3:43Þ

In order to optimize the conditions, so that coating is formed in suspensions with
high particle concentration, high production rates, and ease of processing, Ch

should be as close as possible to Cs and Css and Ch should be separated as far as
possible. This is because (i) Ch is close to Cs so that heterogeneous nucleation can
start immediately after Cs is passed and (ii) Css is much greater than Cs so that
homogeneous precipitation is far remote away from the onset of heterogeneous
precipitation.

In practice, Amin is experimentally determined for a given rg and for particles
with a known size by decreasing the concentration of the particles in the suspension
until precipitation occurs. For a low Amin, coating of the particles in a suspension
should be highly possible, because Css − Cs is relatively large, according to
Eq. (3.41). If the conditions to prevent homogeneous precipitation cannot be
achieves, it is possible to use catalyst to pretreat the surface of the particles. Various
coated particles by using precipitation from solution have been reported in the
literature [195, 198–205].

The degree of crystallinity of the deposited material can have a remarkable effect
on morphology of the coating layers. In theory, the coatings can be amorphous,
polycrystalline or even single crystal. Generally, smooth and uniform coatings are
achieved more easily for amorphous coatings [194, 195], while polycrystalline
deposits lead to rough layers [206]. However, even for amorphous layers, the
morphology of the coatings can be controlled through adjusting experimental
conditions. For example, when SiO2 was coated on Y(OH)CO3 particles at room
temperature and at 80 °C, the coating was smooth and rough, respectively [207]. It
means that precipitation temperature can be used as a factor that can affect mor-
phology of the coatings.

Coated particle technique has been well employed to synthesize powders for
transparent ceramics, especially for YAG. YAG powder retaining the morphology
of Al2O3 powder has been synthesized by using a partial wet-chemical process, in
order to form yttrium precipitate coated Al2O3 particles [208]. The formation of the
so-called core–shell structure had two steps, including (i) direct precipitation of
yttrium component at the surface of the Al2O3 particles and (ii) assembly of the
yttrium precipitate. A spherical surface reaction process was illustrated. YAG phase
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can be obtained at a temperature that was about 300 °C lower than those required by
the traditional solid-state reaction process.

Y-containing colloidal precursor particles were first synthesized. Y(NO3)3·6H2O
(99.99 %) and urea were dissolved in distilled water to make a transparent solution,
with Y3+ concentration of 0.015 M and urea concentration of 0.5 M. α-Al2O3

(99.99 %) powder was then added into the mixed solution, which was dispersed by
using ultrasonication. The mixed turbid liquid with Y/Al = 3/5 was homogenized
by agitation, which was then heated to 90 °C and kept at that temperature for 3 h.
After cooling down, the resulting precursor was collected with suction filtration and
thorough washing. After rinsing with anhydrous ethanol, the powder was dried at
100 °C for 24 h and then calcined at various temperatures for 3 h to form YAG.

Morphology of the α-Al2O3 powder and the as-obtained precipitated precursor
were observed by suing TEM, as shown in Fig. 3.40 [208]. The pure α-Al2O3

Fig. 3.40 TEM images of the precursors: a pure α-Al2O3, b Y-precipitate/Al2O3 with low electron
exposure, c Y-precipitate/Al2O3 with high electron exposure and d the lattice image of the shell.
Produced with permission from [208]. Copyright © 2013, Elsevier
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powder consisted of homogeneous particles with sizes of 100–200 nm. The powder
was well crystallized with continuous and clear edges, as shown in Fig. 3.40a. The
as-obtained precursor particles exhibited obvious interfaces between the core and
the shell, as shown Fig. 3.40b. The Y-precipitate could be Y(OH)CO3 or similar
carbonate, which would decompose under the irradiation of the electrons.
Figure 3.40d indicates that the compound of the shell had low crystallinity, con-
sisting of tiny particles.

A potential mechanism for the formation process of the Y-precipitate/Al2O3 is
shown in Fig. 3.41. Two stages were involved. At the initial stage, a thin layer of
Y-compound was precipitated at the surface of the Al2O3 particles, so that the
surface was modifies. At the second stage, explosive nucleation and assembly onto
the Y-compound pre-coated Al2O3 particles occurred. In the presence of urea, there
would be negative ions, such as OH−, HCO3

−, etc., which were adsorbed at the
surface α-Al2O3, leading to negative zeta potential. The Y3+ ions were hydrated and
adhered to the hydrolyzed Al2O3 surface to form yttrium hydroxide. Finally, a thin
shell was formed.

Similarly, a mixed precipitation method was developed to synthesize powder for
transparent YAG ceramics [172]. The YAG powders were obtained through cal-
cining the precursors at 1050 °C for 2 h. Particle size of the powders was in the
range of 200–500 nm. Yttrium nitrate hydrate (Y(NO3)3·H2O, purity >99.9 %),
aluminum nitrate hydrate (Al(NO3)3·H2O, purity >99.9 %) and ammonium
hydrogen carbonate (NH4HCO3, analytical reagent) were used as raw materials.

Flow chart of the mixed precipitation method is shown in Fig. 3.42. Briefly,
alumina precursor powder was first synthesized by adding aluminum nitrate solu-
tion (0.15 M) dropwisely into the ammonium bicarbonate solution (1.5 M) under
vigorous stirring. The as-prepared alumina precursor powder was then dispersed in
yttrium nitrate solution to form uniform suspension. After that, ammonium bicar-
bonate solution (0.5 M) was added dropwisely into the suspension, so that yttrium
precipitate was coated on the alumina precursor powder. The mixed precursor was
aged, washed, dried, and then calcined to form yttrium aluminum garnet, with a
phase formation temperature about 300 °C lower than that required by the tradi-
tional solid-state reaction process. Alternatively, it is also worth trying to coat yttria
with alumina.

Fig. 3.41 Mechanism of the formation of the Y-precipitate/Al2O3 precursor in the urea solution.
Produced with permission from [208]. Copyright © 2013, Elsevier
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3.2.2.2 Liquid Evaporation Methods

Evaporation of liquid is another method to make a solution to be supersaturated, so
as to produce particles through the nucleation and growth. To synthesize powders
with fine particles, nucleation must be fast and the growth is sufficiently slow. To
achieve this, the supersaturation state must be reached in a very short time, so that a
large number of nuclei are formed almost at the same time, without growing.
Therefore, if a solution is broken into very tiny droplets, the surface area over which
evaporation takes place can be increased tremendously. For solutions of two or
more salts, the differences in concentration and solubility must be taken into
account. This is because evaporation of such liquid solutions will cause different
rates of precipitation for different salts, which will result in segregation of the final
powders. The formation of very small droplets can be used to address this problem,
because there is no mass transfer between individual droplets. Moreover, for a
given size, the lower the concentration of the solutions, the smaller the particle size
will be in the final powders. This means that the degree of segregation can be
further decreased by using diluted solutions. Various techniques have been used to
produce ceramic powders through the evaporation of liquid solutions.

Spray Drying

In spray drying, a solution is broken up into fine droplets by a fluid atomizer and
sprayed into a drying chamber, as shown schematically in Fig. 3.43 [47]. Moisture
is evaporated at the contacts between the spray and drying medium that is usually

Fig. 3.42 Flow chart of the
mixed precipitation process.
Produced with permission
from [172]. Copyright ©
2012, Elsevier
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hot air. The products are dry particles of the metal salts, which are carried by the air
stream to leave the chamber and are then collected by using bag collectors or
cyclones. Various atomizers are available, which are usually categorized according
to the manner in which energy is supplied to produce the droplets [209–211].

For example, in rotary atomization, also known as centrifugal atomization, the
liquid is centrifugally accelerated to a high velocity through a spinning disk that is
located at the top of the drying chamber, before it is discharged into the chamber. In
pressure atomization, pressure nozzles atomize the solution by accelerating it
through a large pressure difference and injecting the liquid into the chamber.
Pneumatic atomization is to impact the solution by using a stream of high-speed gas
from a nozzle. Ultrasonic atomization is to pass the solution over a piezoelectric

Fig. 3.43 Schematics of
spray dryers: a centrifugal
atomizer with concurrent air
flow and b nozzle atomizer
using mixed flow conditions.
Reproduced with permission
from [47]. Copyright © 2007,
Springer
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vibrator that is vibrating at ultrasonic frequencies. Droplet sizes ranging from less
than 10 μm to >100 μm can be produced by these atomizers.

Solutions for spray drying are usually aqueous solutions of metal salts, such as
sulfates, chlorides and nitrides, due to their highwater solubility. The evaporation rate
of moisture from the droplet and the maximum temperature of generally >300 °C that
the particles will experience in the drying chamber are determined by the temperature
and flow pattern of the hot air, as well as the configuration of the chamber. Important
solution parameters include the size of the droplets and the concentration and com-
position of the metal salts, which are dominant factors in controlling the size of the
primary particles and the size andmorphology of possible agglomerates.Morphology
of the agglomerate is not very critical in spray drying of solutions, because the particle
characteristics aremainly determined by the subsequent calcination andmilling steps.
With suitable conditions, the agglomerates are usually spherical, with primary par-
ticle sizes of <100 nm. The temperature in the drying chamber of spray is generally
not sufficiently high to cause decomposition or solid-state chemical reaction, so
spray-dried salt powders must be calcined to form designed compounds [211–215].

A simple strategy has been reported to prepare dense spherical Y2O3:Eu
3+

phosphor particles with a narrow size distribution, by using a two-step spray drying,
with a commercially available spray drying facility [216]. Hollow Y2O3:Eu

3+

precursor particles were first prepared by spray drying an aqueous precursor
solution containing citric acid. Nanosized particles were obtained from the pre-
cursor powders by using ball milling, which were then dispersed in water to form a
colloidal suspension. The suspension was subjected to second-step spray drying, so
that porous granules of dense spherical nanoparticles could be formed. Finally,
highly crystalline Y2O3:Eu

3+ powder was prepared by sintering the granules at
temperatures of >1200 °C. The final Y2O3:Eu

3+ particles were spherical and
showed promising luminescence properties as a red phosphor. SEM images of
representative samples are shown in Fig. 3.44.

Spray Pyrolysis

If a higher temperature and a reactive (e.g., oxidizing) atmosphere are used in the
spray chamber, solutions of metal salts can be not only dried but also decomposed
at the same time. This process is known as various names, such as spray pyrolysis,
spray roasting, spray reaction and evaporative decomposition of solutions, among
which spray pyrolysis is the most commonly used [217–223].

Figure 3.45 shows a schematic demonstrating the idealized stages involved in
the formation of a dense particle from a droplet of solution [224, 225]. The droplet
experiences evaporation, when the solute concentration in the outer layer increases
to a value of above the supersaturation limit, thus resulting in the precipitation of
fine particles. Precipitation is followed by a drying stage, in which the vapor phase
diffuses through the pores in the precipitated layer. Decomposition of the
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precipitated salts leads to a porous particle consisting of a certain number of very
fine grains, which is finally heated to become a dense particle.

The spray pyrolysis process is able to produce particles with a variety of mor-
phologies through controlling the experimental conditions. For the fabrication of

Fig. 3.44 SEM images of the a Y2O3:Eu
3+ powders prepared by second-step spray drying

process, and post-treated Y2O3:Eu
3+ powders at the temperature of b 1200 °C, c 1300 °C, and

d 1400 °C. Reproduced with permission from [216]. Copyright © 2014, The Royal Society of
Chemistry

Fig. 3.45 Schematic of the stages in the spray pyrolysis process. Reproduced with permission
from [224], Copyright © 1993, John Wiley & Sons. Reused with permission from [47]. Copyright
© 2007, Springer
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transparent ceramics, dense particles are superior to those with highly porous or
hollow shell-like morphologies, because a subsequent milling step is normally
unnecessary.As a result, therewill be less chance to introduce possible contamination.

The effects of the conditions on precipitation in the droplet and the solution
chemistry on the morphology and microstructure of the final particles have been
well investigated [224]. In order to obtain dense particles, the first step is to achieve
homogeneous nucleation and growth in the droplet, which is known as volume
precipitation. The prerequisite is a small droplet size and a slow drying process, so
as to reduce the gradients in solute concentration and temperature. As mentioned
earlier, a large difference between the supersaturation concentration Css and the
saturation concentration Cs of the solute in solution means a high nucleation rate, as
demonstrated in Fig. 3.39 and Eq. (3.25). A high Cs, i.e., a high solute solubility,
and a positive temperature coefficient of solute solubility are also important,
because there will be sufficient solute available to form filled agglomerates of the
touching primary particles in this case. In addition, the precipitated particles should
not be thermoplastic or melt during the decomposition stage, otherwise, they will be
deformed and morphology will be negatively affected.

It is also found that multicomponent and composite particles with a variety of
microstructural characteristics can be synthesized by controlling the spray condi-
tions. The drying of a droplet containing fine precipitates is quite different from that
of a pure liquid droplet. The fine precipitates act a resistance to the mass transport of
the solvent vapor. As the temperature of the drying chamber is too high, boiling of
the solution might occur, which leads to inflation or disintegration of the droplets.
Moreover, high capillary stresses and fracture of the particle could be observed, if
the fine pores inside the precipitates are combined and the drying rate of the droplet
is too fast.

The dried salts must be completely decomposed before they are brought to the
final sintering process. For small scale laboratory experiments, decomposition times
are relatively short, nitrates and acetates are preferable to sulfates, due to their lower
decomposition temperatures. In addition, acetates have a low solubility, while
nitrates, acetates, and sulfates are easy to introduce impurities into the final powder.
On the other hand, chlorides and oxychlorides are more likely used for industrial
productions, owing to their high solubilities. However, the corrosive nature of the
gases produced during the decomposition and the deleterious effect of residual
chlorine on subsequent sintering should be considered carefully. It is better to sinter
the particles in situ, so as to take full advantage of the spray pyrolysis process. If the
process in conducted at a sufficiently high temperature, the fine pores between the
primary particles and the short interparticle collision time in the process are ben-
eficial to the formation of dense individual particles.

Nano-sized MgO particles with well-crystallized structures have been prepared
by using spray pyrolysis method with solutions of citric acid [219]. The optimum
concentration of citric acid was 0.4 M, in order to obtain micrometer-sized MgO
particles. The function of citric acid in the spray solution was to alter the thermal
properties of the solution and thus to control the morphologies of the particles. The
micrometer-sized precursor particles with hollow porous structures which were
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obtained through the spray pyrolysis step could be broken into nano-sized MgO
particles by using a post-treatment. Without the presence of critic acid, the average
sizes of the MgO particles thermally treated at temperatures of 500 and 900 °C were
13 and 28 nm, respectively. If citric acid was added into the spray solutions, the
average particle sized were decreased correspondingly to 9 and 22 nm.

A systematic study has been reported on the comparison between spray pyrolysis
and solid-state reaction method to prepare YAG powders [222]. The influence of
precursor characteristics and synthesis conditions on the formation of yttrium
aluminum garnet, Y3Al5O12(YAG), was investigated. Two types of sources were
used in this study: (i) single-source precursors, i.e., cohydrolyzed yttrium and
aluminum alkoxides and yttrium aluminum glycolates, and (ii) multiple-source
precursors, i.e., mixtures of metal nitrates and mixtures of separately hydrolyzed
yttrium and aluminum alkoxides. Phase-pure YAG was formed only in the solid-
state thermal decomposition experiments. The lack of formation of YAG in all the
spray pyrolysis experiments was ascribed to the short heating times and fast heating
rates, which resulted in the formation of kinetic products. In the case of the metal
nitrates, an additional factor that influenced product formation was the difference in
thermal reactivity of the precursors. It was concluded that the formation of complex
metal oxide materials by conventional or aerosol routes is not necessarily achieved
by the use of a chemically homogeneous precursor, such as a single-source pre-
cursor. It also was necessary to ensure that the precursors and intermediates have
similar thermal decomposition temperatures to avoid phase segregation in the initial
stages of thermal decomposition.

A series of works have been reported on preparation of YAG based phosphor
powders by using spray pyrolysis method, with spray solutions of different fluxes
[226–229]. It has been demonstrated that spray pyrolysis method can be used to
control the morphologies and sizes of the YAG based phosphor powders in a very
feasible way. Highly spherical particles with well controlled size distribution can be
readily synthesized by optimizing the processing parameters.

Another example is the synthesis of YAG:Ce phosphor powders, with a com-
position of Y2.965Al5O12:Ce0.035, by using spray pyrolysis, from spray solutions
with BaF2 flux [228]. The BaF2 flux has been show feasible control in morphology
and improvement in optical properties of the YAG:Ce phosphor powders. The
optimal concentration was 9 wt% BaF2 flux, which resulted in powders with regular
morphology and without aggregation. The average size of the YAG:Ce phosphor
powders was 1.73 μm.

A 1.7 MHz ultrasonic spray generator having six vibrators was used to generate
sufficient droplets. The spray pyrolysis was carried out with flowing air as carrier
gas at a flow rate of 40 L min−1, at reaction temperature of 900 °C. The powders
were stayed inside the reactor for 0.6 s. The overall solution concentration was
0.5 M, while concentrations of the BaF2 flux were in the range of 3–15 wt% of
YAG:Ce. All the as-prepared powders were post-treated at temperatures of 1300–
1600 °C for 5 h in 10 % H2/N2 gas mixture. Figure 3.46 shows SEM images of
representative samples. All the as-prepared powders showed a spherical shape and a
dense structure, with an average particle size in the range of several micron meters,
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which was not significantly affected by the concentration of the BaF2 flux. After
thermally annealed at 1500 °C, the spherical shape of the powders was deformed.
However, the powders derived from the solution without BaF2 flux demonstrated
higher agglomeration, while the particle size of the powders increased with
increasing concentration of BaF2. In terms of powder morphology, the optimal
concentration of BaF2 was 9 wt%.

Freeze-Drying

Similar to that in spray drying, in freeze-drying, a solution of metal salt is also
broken up by an atomizer into fine droplets in the first step [230–232]. In contrast to
spray dry or spray pyrolysis, in which high temperature is used, in freeze-drying,
the droplets are frozen rapidly, by spraying them into a cold bath of immiscible
liquid, such as hexane and dry ice or liquid nitrogen. The frozen droplets are then
transferred into a cooled vacuum chamber, where the solvent is removed through
vacuum evaporation. In some cases, the system needs to be heated slightly to aid
the sublimation. Generally, spherical agglomerates of fine primary particles can be
produced, with the agglomerate size to be the same as that of the frozen droplets.
The size of the primary particles, in the range of 10–500 nm, is determined by the
processing parameters, including the rate of freezing, the concentration of the metal
salt in the solution, and the chemical composition of the salt. After the drying
process, the powder of the salt is heated at high temperatures to obtain oxides.

Generally, the solubility of most salts decreases with decreasing temperature, so
that the supersaturation state can be rapidly reached during the rapid cooling of the
droplets in freeze-drying. In this case, particle nucleation is very fast while growth
is very slow. As a result, freeze-drying is able to produce powder with very fine
particle sizes. In this respect, freeze-drying is more efficient in producing fine
particles than the other spray drying techniques, as demonstrated in various
materials, including Al2O3 [233], Y2O3 [234], ZrO2 [235–237], MgAl2O4 [238–
241], YAG [7, 140, 242, 243] and mullite [244]. Selected examples are discussed in
a more detailed way as follows.

High sinterability MgAl2O4 powder has been produced from alkoxide precursors
by using a freeze-drying method, with clear alumina sol and magnesium methoxide
as starting materials [241]. The tap density and sinterability of the spinel power are
affected by the ball milling step. Highly dense transparent polycrystalline MgAl204
ceramics were prepared from the powders by sintering and hot isostatic pressing
(HIP).

The alumina sol was prepared from aluminum isopropoxide through hydrolysis
and peptization, while magnesium methoxide was prepared through the reaction of
magnesium pieces (99.99 %) in excessive methanol under reflux in an N2 atmo-
sphere for 24 h. The spinel sol was prepared by slowly mixing the alumina sol into
a methanol solution of magnesium methoxide in stoichiometric composition so as
to form spinel MgAl2O4. The spinel sol was then heated at 85 °C for 2 days to
evaporate excessive water and organic solvents, which was then sprayed into a tray
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containing liquid nitrogen through a two-fluid nozzle. After the freeze spraying, the
frozen beads of spinel sol were loaded into a laboratory freeze-dryer with a tray
dryer attachment, which was then gradually heated to 50 °C under 60 mTorr,
i.e., *8.0 Pa, until all the ice sublimed. The freeze-dried powder was calcined to
for spinel phase. The spinel powders were then deagglomerated by wet- and dry
milling steps with plastic bottles and yttria-stabilized-zirconia (YSZ) ceramic balls
for 24 h.

Figure 3.47 shows XRD patterns of the as-freeze-dried powder and those cal-
cined at different temperatures for 2 h are [241]. The as-freeze-dried powder con-
sisted of a mixture of AlO(OH) and MgAl2(OH)8. Calcination at 900 °C resulted in
the formation of spinel phase, while complete crystallization was observed after
calcination at 1200 °C. The powder calcined at 1100 °C had an average particle size
of about 50 nm.

Another example is the synthesis of Nd:Y2O3 nanosized powder by using freeze-
drying, which was then mixed with commercial Al2O3 power to fabricate Nd:YAG
transparent ceramics [7]. Yttrium nitrate hexahydrate, Y(NO3)3·6H2O, and neo-
dymium nitrate hexahydrate, Nd(NO3)3·6H2O, both with purity of ≥99.99 %, were
used as starting materials, while ammonium hydrogen carbonate, NH4HCO3, was
used as precipitant. Aqueous solution with 0.25 M Y3+ and 2 at.% Nd3+ was

(a) (b)

(c) (d)

Fig. 3.46 SEM images of the precursor powders prepared by using the spray pyrolysis with and
without the use of BaF2 flux: a no flux, b BaF2 = 3 wt%, c BaF2 = 9 wt% and d BaF2 = 15 wt%.
Reproduced with permission from [228]. Copyright © 2009, Elsevier
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prepared by dissolving the metal nitrates in deionized water. After that, 2 M
NH4HCO3 aqueous solution was added dropwisely into the metallic ion solution
under mild agitation at room temperature. White precipitate was formed during the
mixing. After aging for 2 days, the precipitate was washed thoroughly with
deionized water, which was then frozen and dried through freeze-drying at −80 °C
and 0.03 Torr. Nd:Y2O3 ultrafine powders were obtained by calcining the freeze-
dried precipitates in air at temperatures of 500–1,100 °C for 4 h at a heating rate of
3 °C min−1. Figure 3.48 shows SEM images of the powders after calcining at
different temperatures. As the calcination temperature was increased from 900 to
1100 °C, the average particle size increased from *25 to *40 nm, without the
presence of severe agglomeration. In contrast, the powders calcined by using
normal furnace were heavily agglomerated. Highly transparent 2 at.% Nd:YAG
ceramics were obtained from the freeze-drying derived Nd:Y2O3 powders and
commercial Al2O3 powders by using vacuum sintering at 1750 °C for 5 h. Similar
freeze-drying process was used to synthesis nanosized Nd:YAG powder to prepared
transparent Nd:YAG ceramics [242, 243].

Fig. 3.47 XRD patterns of
the as-prepared powder and
the powders calcined at
different temperatures.
Reproduced with permission
from [241]. Copyright ©
1992, John Wiley & Sons
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Spray Drying of Suspensions

Spray drying is also applicable to suspensions of fine particles, which is usually
knows as slurries, when they have relatively high concentrations. The key of this
process is to limit the agglomeration of the dried powder to a scale that is equal to
or less than the size of the droplet. Minimizing the degree of the agglomeration is
required by the subsequent compaction and sintering steps [25, 245–250]. Spray
drying of suspensions is used on a large scale industrially for granulating fine
powders to control their flow and compaction characteristics during die pressing.
Therefore, if large scale fabrication of transparent ceramics is considered, this
technique will be very useful.

One earlier example is regard to Al2O3 transparent ceramics [251]. Both spray
drying and freeze-drying processes were used and compared. The starting raw
materials were reagent grade α- and γ- Al2O3 and magnesium sulfate as dopants.
The impurities detected, such as copper, silicon, sodium and calcium, were less than
10 ppm. The α- Al2O3 had a surface area of 2 m2 g−1 with an average grain size of
8 μm, while the γ- Al2O3 a possessed a surface area of 94 m2 g−1 with an average
grain size of 0.2 μm. The powders contained 0.25 wt% of MgO. The Al2O3 col-
loidal dispersions were made with Al2O3 contents of 10 wt%, required amount of

Fig. 3.48 SEM images of the freeze-dried power calcined at different temperatures: a 900 °C,
b 1000°, c 1100 °C and d 1200 °C. Reproduced with permission from [7]. Copyright © 2011,
Springer
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magnesium sulfate for 0.25 wt% MgO. Stable colloidal dispersions could be
obtained at pH = 2.5–3. Experimental results indicated that both types of powders,
which were processed by both spray drying and freeze-drying, could be sintered to
near theoretical density, with high optical transparency.

A study has been conducted to optimize the spray drying parameters in order to
prepare transparent Yb:YAG ceramics [215]. Commercial oxides were used as the
starting materials, with compositions of Yb0.03Y2.97Al5O12 and Yb0.294Y2.706Al5O12,
corresponding to YAG doped with 1.0 and 9.8 at.% of Yb, respectively. The effects,
of solid content in the spray solutions, drying medium flux, temperature and aspira-
tion rate of the spray drying process, on optical properties of the final sintered
ceramics, were systematically investigated. The samples were sintered by using
vacuum sintering at temperatures in the range of 1650–1735 °C 16 h. Aspiration rate
of 70 % and solid concentration of 16–24 wt% should be used in order to obtain well
granulated powders without obstruction of the nozzles. Optimal processing param-
eters include inlet temperature of 70 °C and flux of 40 % of the drying medium, in
terms of the optimization of optical transparency.

3.2.2.3 Gel Methods

Gel methods involve the formation of semirigid gels or highly viscous resins from
liquid precursors, which appear as an intermediate step toward ceramic powders.
This type of methods is particularly useful for the synthesis of complex oxides, due
to the high level chemical homogeneity that can be achieved. Oxide powders are
usually obtained by decomposing the gels or resins, followed by calcination and
milling to control the particle characteristics. To form the gels or resins, the starting
constituents are mixed at the atomic scale through polymerization process. If no
constituent is volatilized during the decomposition and calcination steps, the cation
composition of the powder will be identical to that in the original solution.
Therefore, these methods are able to achieve good chemical homogeneity and
controllable stoichiometry. Different gel processes are discussed as follows.

Sol–Gel Process

Sol–gel process involves the formation of polymeric gels by hydrolysis, conden-
sation and gelation, which are then dried and ground into powders [252–255]. Dried
gels with lower viscosity are easier to grind, so that the extent of contamination
introduced during the milling is relatively low. If the liquid content is removed
under supercritical conditions, there is no shrinkage for the dried gels, which have
therefore low viscosity. Preferably, metal alkoxides are used for sol–gel process,
because they have strong hydrolysis reactions. However, in some cases, metal salts
also have hydrolysis behaviors.

Metal alkoxides have a general formula of M(OR)z, where z is an integer equal
to the valence of the metal M, and R is an alkyl chain. They can be considered as
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derivatives of either an alcohol, ROH, in which the hydrogen is replaced by the
metal M, or a metal hydroxide, M(OH)z, in which the hydrogen is replaced by an
alkyl group. The reactions involve hydrolysis, which can be described by using the
following equation:

M ORð Þz þ xH2O ! M ORð Þz�x OHð Þx þ xROH; ð3:44Þ

which is followed by condensation and polymerization through dehydration reac-
tion, as follows:

�M�OH þ HO�M� ! �M�O�M�þ H2O: ð3:45Þ

Uniform particles have also been obtained through the hydrolysis of metal salt
solutions [22, 23, 103, 127]. Comparatively, this method can produce powders with
a wider range of chemical compositions. Besides oxides, hydrous oxides, sulfates,
carbonates, phosphates, and sulfides can be prepared by using this method.
However, more experimental parameters must be controlled in order to produce
uniform particles, such as concentration of the metal salts, chemical composition of
the starting materials, temperature, pH of the solution, and the concentrations of
anions and cations that form intermediate complexes.

Metal ions are usually hydrated in aqueous solutions. The conditions for
homogeneous precipitation of uniform particles can be realized by using a tech-
nique called forced hydrolysis. The key of this technique is to promote the
deprotonation of hydrated cations by heating the solution at elevated temperatures
(90–100 °C).

The soluble hydroxylated complexes produced by the hydrolysis reaction serve
as the precursors of the nucleation. Nucleation and growth of uniform particles can
be achieved by generating the precursors at proper rate, through the adjustment of
temperature and pH value. A general approach is to age the solutions at elevated
temperatures. It has been found that the process is very sensitive to a minor change
in various conditions. Also, anions could play a decisive role in determining the
outcome of the reaction. The conditions for precipitation of uniform particles
should be specifically studied case by case. It is found that slow release of anions
from organic molecules such as urea or formamide can be used provide the con-
ditions for nucleation and growth of uniform particles in solution. Various oxides
have been synthesized by using sol–gel process [253, 256–262].

A sol–gel process was developed to synthesize nanosized Y2O3 powders [256].
Various organic acids, including acetic acid, oxalic acid, malonic acid, tartaric acid
and citric acid, were used as chelating agents, while yttrium nitrate hexahydrated
was used as the source of yttrium, which was dissolved in water so that yttrium ion
concentration was 0.5 mol L−1. Organic acids were then slowly added in the form
of aqueous solution with desired [chelating agent]/[Y] ratio. pH value was then
adjusted to 2 with 30 % ammonia solution. The mixed solution was then heated at
115 °C for 12 h to form gels. For oxalic and tartaric acids, the gels should be
filtrated and washed, because rigid gels could not be formed, due to the low
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viscosity of their sols. All the filtrated and chelated gels were calcined at two
temperatures, i.e., 800 and 1100 °C, in a flowing oxygen atmosphere, at a heating
rate of 200 °C h−1 for 4 h. Two [chelating agent]/[Y] ratios were studied, i.e., 2 and
20.

It was found the powders derived from acetic, oxalic, malonic and tartaric acids
exhibited crystalline grains, while amorphous phase was obtained for citric acid.
Y2O3 powders could be readily formed in the precursor gels at heating temperatures
of >700 °C. The chelating agent had no effect on composition of the Y2O3 powders.
Average grain sizes of the Y2O3 powders, sintered at 800 and 1100 °C, were about
30 and 60 nm, respectively. However, chelating agent has a significant effect on
morphologies of the Y2O3 grains, which simply follow the morphologies of the
precursor gels. This study provided a reference on selection of chelating agent when
the morphology of the powder is important. As stated earlier, spherical shapes with
narrow particle size distribution are desired.

Nano-sized cerium-doped lutetium aluminum garnet (LuAG:Ce) powders were
prepared by using a sol–gel combustion process, which was started from a mixed
solution of metal nitrates, with an organic glycine as fuel [263]. The obtained
precursor was agglomerated and had a foamy-like morphology, consisting of
porous crystallites with a uniform size of about 40 nm. High purity crystalline
LuAG:Ce powder was achieved by calcining the combustion precursor at 1000 °C
for 2 h. Using the prepared powder, LuAG:Ce transparent ceramics have been
fabricated by using vacuum sintering at 1850 °C for 10 h, followed by post-
annealing at 1450 °C for 20 h in air. The transparent ceramics exhibited an in-line
light transmittance of about 50 % in the visible wavelength range and had a uniform
microstructure with an average grain size of about 8 μm.

Crystalline LuAG:Ce powders doped with 1.0 mol% CeO2 (Lu2.97Ce0.03Al5O12)
were prepared by a sol–gel combustion process, using glycine as a fuel. The process
involves the exothermic reaction between metal nitrates and organic fuel, e.g.,
glycine. The typical stoichiometric synthesis reaction is:

6MðNO3Þ3 þ 10NH2CH2COOHþ 18O2 ! 3M2O3

þ 5N2 þ 18NO2 þ 20CO2 þ 25H2O;
ð3:46Þ

where M represents Lu, Ce, and Al. The characteristics of the prepared powders are
greatly influenced by the reaction temperature, which can be controlled by adjusting
the molar ratio of glycine to metal nitrates. In the current study, a stoichiometric
molar ratio of nitrate to glycine, i.e. 1.67, was adopted to prepare LuAG:Ce
powders.

Lutetium oxide (Lu2O3, 99.99 %), aluminum nitrate hydrate (Al(NO3)3·9H2O,
analytical grade), cerium nitrate hydrate (Ce(NO3)3·6H2O, 99.99 %), nitric acid
(HNO3, excellent grade), glycine (NH2CH2COOH, analytical grade), and deionized
water were used as starting materials in the present work. High purity Lu2O3

powders were first dissolved in nitric acid to form lutetium nitrate solution. After
completely dissolving, according to the general formula composition
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Lu2.97Ce0.03Al5O12, a stoichiometric cerium nitrate and aluminum nitrate were
introduced to the resultant lutetium nitrate solution with appropriate dosage of
glycine. The mixed solution was heated and continuously stirred using a magnetic
agitator until a transparent sticky gel formed. Then the gel was rapidly heated, and
an acute auto-combustion process took place at about 700 °C accompanied by the
evolution of brown fumes. As a result, a brown and fluffy precursor was yielded.
The precursor was then heat treated at 800–1000 °C for 2 h in a muffle furnace in
air. The calcined powders were ball milled in a polyurethane container using 6 mm
diameter ZrO2 balls and ethanol as media for 2 h.

XRD patterns of the precursors prepared by the sol–gel combustion process and
the powders calcined at various temperatures are shown in Fig. 3.49. It was
unexpected that the precursors prepared by the present sol–gel combustion process
using glycine as fuel were crystalline instead of amorphous, consisting of cubic
LuAG and some unknown phase. Additionally, no distinct difference can be
observed between the diffraction patterns of the resultant precursors and the pow-
ders calcined at 800 °C for 2 h. At 900 °C, the characteristic peaks of LuAG phase
appeared with rather intense peaks and the unknown phase showed very weak
peaks, indicating that mostly LuAG phase is produced at this temperature. At
1000 °C, continuing refinement of peak shapes and intensity was observed, indi-
cating that crystalline LuAG grew with increasing calcination temperature.

Figure 3.50 shows typical EPMA and TEM micrographs of the as-prepared
precursors and powders calcined at 1000 °C for 2 h, respectively. It can be seen that
the precursors have a foamy-like and porous morphology (Fig. 3.50a), very similar
to the one observed for the previously studied (Gd,Y)2O3 powders. The TEM
micrograph of the precursors, shown in Fig. 3.50b, reveals the shape and size of
primary particles. The as-prepared powders are agglomerated and consist of near-
spherical crystallites of about 30-nm particle size estimated from TEM images. The
TEM micrograph of the powders calcined at 1000 °C for 2 h, shown in Fig. 3.50c,

Fig. 3.49 XRD patterns of
the as-prepared precursors
and powders calcined at
various temperatures.
Reproduced with permission
from [263]. Copyright ©
2006, Materials Research
Society
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reveals that the powders consist of pointed crystallites with fairly uniform size of
about 40 nm.

Highly sinterable yttrium aluminum garnet (YAG) nanopowders have been
synthesized by a sol–gel combustion method with various chelating agents and
fuels, namely citric acid, tartaric acid, glycine, and ethylene diamine tetraacetic acid
(EDTA) [260]. The preparation involved the thermal decomposition of a chelating
agent (fuel)-nitrate gel and the formation of amorphous precursors. The as-syn-
thesized precursors were studied by infrared spectroscopy (IR), thermogravimetric
(TG) and differential scanning calorimetric (DSC) analyses. The nanopowders
calcined at 1000 °C were characterized by X-ray powder diffraction (XRD) and
transmission electron microscopy (TEM). It was found that the chelating agents and
fuels used had a significant influence on the average grain size and agglomeration of
YAG nanopowders. The rate of combustion reaction between chelating agent (fuel)
and nitrate was responsible for the growth of the grains. Nanoparticles with the
smallest size and high sinterability were obtained when using EDTA, which derived

Fig. 3.50 EPMA and TEM micrographs of the precursors and powders calcined at 1000 °C for
2 h: a EPMA, precursors, b TEM, precursors and c TEM, powders calcined at 1000 °C for 2 h.
Reproduced with permission from [263]. Copyright © 2006, Materials Research Society
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from the significant blocking of the diffusion path associated with the lowest
combustion reaction rate.

Figure 3.51 shows TEM images of the YAG powders calcined at 1000 °C. Most
particles had a semispherical shape with a relatively high porosity. Such porosity
could be caused by the release of gas during the combustion process. By adjusting
the content of the organic compounds, specific surface areas of the powders could
be controlled. Average sizes of the nanopowders were 60, 80, 60 and 40 nm,
corresponding to the chelating agents and fuels of citric acid, tartaric acid, glycine
and EDTA, respectively. Citric acid and tartaric acid that showed the faster reaction
led to larger average particle sizes. In contrast, smaller grains were observed when
using EDTA. The faster the reaction, the fewer the residues would be in reaction
process, which made the cations to diffuse more easily. Additionally, all the YAG
nanopowders calcined at 1000 °C exhibited high crystallinity. Therefore, EDTA

Fig. 3.51 TEM images of the YAG powders using chelating agents: a citric acid, b tartaric acid,
c glycine and d EDTA. Reproduced with permission from [260]. Copyright © 2010, Elsevier
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was most suitable to synthesize YAG nanopowders with smallest grain size, which
is beneficial for the preparation of transparent YAG ceramics.

Mullite (3Al2O3·2SiO2) powder has been prepared by supercritical drying the
gels derived from sol–gel process, which has high sinterability with fully dense
mullite ceramics to be obtained at a temperature of below 1200 °C [264–268]. This
temperature is significantly lower than that required by the conventional solid-state
reaction method from the precursors of mixed oxide. The high sinterability has been
attributed to the amorphous structure, high surface area, and molecular level
homogeneity of the gel-derived powders.

The Pechini Method

In the Pechini method, metal ions from starting materials, such as carbonates,
nitrates, and alkoxides, are complexed in an aqueous solution with α-carboxylic
acids, such as citric acid. When heated with a polyhydroxy alcohol, such as eth-
ylene glycol, polyesterification takes place. Once excess liquid is removed, a
transparent resin is formed. The resin is then heated to decompose the organic
constituents. After milling and calcination, oxide powders can be obtained
accordingly. Various oxide nanopowders have been synthesized by using Pechini or
modified Pechini methods [269–276], although less information is available on the
fabrication of transparent ceramics with these powders.

Cubic nanocrystalline Yb:Lu2O3 powders were synthesized by modified Pechini
sol–gel method [277]. Lu2O3 nanocrystals doped with 50 % Yb were prepared using
the modified Pechini method. Figure 3.52 shows the flow chart for the synthesis
process. Lu2O3 (99.9 %) and Yb2O3 (99.9 %) were dissolved in concentrate HNO3

(*65 %) under stirring, which was heated to form nitrates. With the moles of the
EDTA, [EDTA], the moles of the metal cations, [metal], and the moles of ethylene
glycol, [EG], two groups of molar ratios were used: [EDTA]/[Metal] = CM and
[EDTA]/[EG] = CE. CM measured the degree of the chelation process of the metal
ions with the EDTA. For the solutions with low values of CM, no homogeneous
chelation of the metals occurred, due to insufficient EDTA molecules in the solu-
tions. However, too high CM meant that more organics had to be removed.
Therefore, the value of CM should be optimized. Experimental results indicated that
molar ratio CM = 1 was suitable the preparation of the metals–EDTA complexes.
During mixing and heating, the esterification agent was added, ethylene glycol, with
a molar ratio CE equal to 2. By this way, the solution was transformed into precursor
resin. On the other hand, CE accounted the degree of esterification between the
EDTA and the ethylene glycol. Finally, the viscous gel obtained was calcined at
temperatures of 300–1000 °C for 1–5 h to form the nanocrystals of Yb:Lu2O3. Yb:
Lu2O3 powders with sizes in the range of 50–100 nm could be obtained accordingly.

A Pechini-type sol–gel process was used to synthesize YAG nanophosphors,
YAG:Ce,Pr system, with concentration of Pr3+ from 0.125 to 2 mol% while
maintaining the content of Ce3+ constant at 2 mol%, for white light-emitting diode
(LED) applications [278]. Yttrium and aluminum nitrates and acids were mixed
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directly in a crucible at 100 °C. Solutions of lanthanides, with [Ce] = 24 mM and
[Pr] = 6 mM, were prepared by dissolving the precursors in a mixture of HNO3:
H2O = 1:1. After complete dissolution of the salts, EG was added and stirred until
gels were formed. After that, the reaction mixtures were left on the hot plate
overnight. Finally, the samples were calcined at 1000 °C for 4 h. The quantities of
reagents were calculated according to the following reaction:

xYðNO3Þ3 þ 5AlðNO3Þ3 þ yLnðNO3Þ3 þ EG

þ CA�!HNO3 : H2OYxAl5O12 : Lny
ð3:47Þ

The molar ratio among all salts, CA and EG was 1:3:4.5, while 20 mL HNO3:
H2O solution was used for every 10 mmol of salts. The obtained nanopowders had
well crystalline structures.

Fig. 3.52 Flow chart of synthesis of the Yb:Lu2O3 nanocrystals with a modified Pechini method.
Reproduced with permission from [277]. Copyright © 2008, Elsevier
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Tb3+ and Eu3+ co-doped Y2O3 nanoparticles with a volume-weighted average
size of about 30 nm have been synthesized by using a similar Pechini-type sol–gel
process [279]. The nanopowders synthesized by using this method had an average
particle size of about 35 nm. TEM images of representative samples are shown in
Fig. 3.53.

A modified Pechini method was reported to synthesize nanosized MgAl2O4

spinel powders doped with Eu3+ ions [280]. XRD results indicated that the powders
were single-phase spinel with high crystallinity. Concentration of the optically
active Eu3+ ions has been set to 0.5–5 mol% in respect to the appropriate Mg2+

molar content. Starting materials used in the synthesis included high purity Eu
(NO3)3·6H2O, AlCl3·6H2O and Mg(NO3)2·6H2O. Stoichiometric amounts of the
three salts were dissolved in deionized water to for homogeneous solution.
Required quantity of citric acid and ethylene glycol were added into the solution,
which was then heated to 80 °C to increase its viscosity. The obtained resin was
calcined at temperatures of 700–1000 °C for 3 h. White powders of MgAl2O4 and
doped with Eu3+ were thus obtained. The average spinel particle sizes were about
15 nm for sample calcined at 700 °C and 20 nm at 1000 °C, respectively.

Citrate Gel Method

The citrate gel method involves the dissolving of solution of various nitrates in
citric acid [257, 262, 281–289]. Through controlling the pH values, no precipitate is
in the solutions. After the solution is heated at a suitable temperature in air for a
period of time, it becomes more and more viscous liquid containing polybasic

Fig. 3.53 HRTEM image showing single monocrystalline nanoparticles (sample Tb1Eu2,
Tb0.02Eu0.04Y1.94O3) with crystal planes spacing of 3.01 Å, corresponding to the (222) crystal
plane of Y2O3 (a), and TEM image of an agglomeration of the sample Y2O3 (b). Reproduced with
permission from [279]. Copyright © 2013, Springer
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chelates. Finally, amorphous solids are obtained, which are pyrolyzed in air to
produce crystalline oxide powders.

A citrate gel combustion method has been reported to synthesize nanosized
ytterbium doped yttria [290]. Nanocrystalline Yb3+:Y2O3 powders single-phase
cubic yttria crystal structure could be prepared by calcining the as-prepared pre-
cursors at 1100 °C for 3 h. Powders obtained were well dispersed with an average
particle size of 60 nm. By using the obtained powders, nearly fully dense Yb3+:
Y2O3 ceramics, with promising optical properties, were produced by vacuum sin-
tering at 1800 °C for 12 h.

Citrate gel combustion method is a modified sol–gel technique in which the gel
is decomposed by a self-propagating high temperatures synthesis (SHS) process. It
is a combination of sol–gel and SHS reaction processes. An aqueous nitrate solution
of Y3+ and Yb3+ were prepared by dissolving Y2O3 (99.99 %) and Yb2O3

(99.99 %) in diluted nitric acid under stirring at 80 °C for 2 h. The metal nitrates
were weighted according to the required proportion and mixed in a glass cylindrical
beaker with doping of minor amount of ammonium sulfate ((NH4)2SO4) as a dis-
persant. Double distilled water was used in the experiments for homogenous mixing
of metal nitrates. Citric acid was added to the mixtures as a fuel and mixed thor-
oughly followed by a clear solution was obtained. It was calculated that 1.667 mol
of citric acid was required to prepare 1 mol of yttria with complete combustion. The
equivalence ratio, i.e., the ratio of the oxidizing valency to reducing valency (O/F)
was maintained at unity (O/F = 1). The valency of nitrogen was not considered
because of its conversion to molecular nitrogen (N2) during combustion. The
assumed complete combustion reactions can be written as:

6REðON3Þ3 þ 5CH2COOHCOHCOOHCH2COOH

! 3RE2O3 þ 9N2 " þ30CO2 " þ20H2O " ð3:48Þ

The mixed solution in the glass beaker was kept in a water bath of 80 °C for 8 h
until it transformed into a honey-like yellow transparent gel. The gel was dried at
120 °C for 24 h and became a deep yellow sticky gel. This gel was rapidly heated to
300 °C and at this stage an auto combustion process occurred accompanied with a
brown fume, and finally yielded a fluffy precursor. The precursor was crushed and
then heat treated at temperatures ranging from 600 to 1100 °C for 3 h in an oxygen
atmosphere. For sintering, powders calcined at 1100 °C for 3 h were dry pressed
into Ø15 mm pellets in a steel mold at 30 MPa and then cold isostatically pressed
(CIP) at 200 MPa. The pellets were then sintered under vacuum at 1800 °C. The
vacuum in the furnace was 10−3 Pa during the sintering period.

Figure 3.54 shows SEM morphologies of the Yb3+:Y2O3 nanopowders calcined
at 1100 °C for 3 h without (Fig. 3.54a) and with (Fig. 3.54b) ammonium sulfate
doping. From Fig. 3.54b, it can be seen that particles with sulfate doping disperse
uniformly, and have a relatively narrow size distribution. Most particles are
spherical in shape with the average particle size of about 60 nm. The release of gas
in the combustion process gave a significantly porous structure in the calcined
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powders, and this is beneficial to the dispersion of powders. Compared with
Fig. 3.54b, powder without sulfate doping has a lower dispersivity and a wide size
distribution with a range from 50 to 90 nm, and is not so uniform with a mixture of
spherical and rectangular in morphology.

Figure 3.55 is the SEM images of fracture surfaces of the sintered yttria ceramic
samples by vacuum sintering process under 1800 °C for 5 h (Fig. 3.55a) and for
12 h (Fig. 3.55b). The presence of a great number of porosity at grain boundary
junctions and as clusters in the grain interior can be seen in the sample sintered for
5 h. With the increase of sintering time, a significant grain growth and densification
has occurred in the sample, it can be seen that nearly pore-free microstructure of the
sample remained homogeneous without abnormal grain growth, and transgranular
fracture indicates that no pore entrapment has occurred in the densified regions
(Fig. 3.55b).

Fig. 3.54 SEM images of the Yb3+:Y2O3 powders calcined at 1100 °C without sulfate ions
doping (a) and doped with sulfate ions (b). Reproduced with permission from [290]. Copyright ©
2011, Elsevier

Fig. 3.55 Fracture surface SEM images of the Yb3+:Y2O3 ceramics sintered at 1800 °C for: a 5 h
and b 12 h. Reproduced with permission from [290]. Copyright © 2011, Elsevier

168 3 Ceramic Powder Synthesis



Glycine Nitrate Process

Glycine nitrate process is a combustion method for the preparation of ceramic
powders [291–299]. A highly viscous mass is formed by evaporation of a solution
of metal nitrates and glycine is ignited to produce powders. Glycine, an amino acid,
is used to form complexes with the metal ions in the solution. It can increase the
solubility of the nitrates and prevents the precipitation of the metal ions when water
is evaporated. Because the thorough mixing of the starting constituents, the final
powders have high chemical homogeneity. Glycine also serves fuel to enhance the
ignition step, because it is oxidized by the nitrate ions. The reactions during the
ignition are highly explosive, so that extreme care must be taken during this
step. Large quantity production should be avoided at lab research scale. The final
products are usually loose mass of extremely fine and crystalline powders. As
compared with the Pechini method, milling and calcination of the products are not
necessary. The ultrafine size and crystalline nature of the powders are attributed to
the rapid reaction during the ignition at high temperatures.

Nanosized cubic yttria-stabilized zirconia (ZrO2–8 mol% Y2O3) powder was
synthesized by using a glycine–nitrate process, which was combined with high-
energy ball milling [300]. Effect of calcination temperature on sintering activity of
the powders was studied to identify the optimized calcination temperature, which
was 900 °C, in terms of sinterability. Sintering of the nanopowder was carried out
by using spark plasma sintering at 1200–1350 °C for 5 min. Transparent ceramics
could be achieved at 1300 °C.

High purity Zr(NO3)4·5H2O and Y(NO3)3·6H2O were used as starting materials
for synthesis. They were mixed according to the composition of 92 mol%
ZrO2 + 8 mol% Y2O3 and dissolved in deionized water. After that, glycine was
added into the solution as a fuel, with a molar ratio of glycine to total metal ions
(Zr + Y) of 2.5:1. Precursors were formed by adding ammonia water to the solution
at a rate of 3 mL/min, until to pH = 8. Then, ethylene glycol (EG), with a molar
ratio of glycine:EG to be 1:1, was added into the solution to trigger the esterification
reaction. The resultant solution was heated at 75 °C with stirring to form gel
precursors. After aging for 12 h, the gel was filtered and thoroughly washed with
ethanol. Finally, the gel was dried at 150 °C and ignited to brown powders.

The brown powder was first ball milled with high purity zirconia balls for 12 h at
a rotational speed of 200 rpm, in isopropyl alcohol with 3 wt% polyethylene glycol.
The ball milled mixture was dispersed supersonically for 30 min and then dried by
using a rotary evaporator. The dried powder was further calcined at different
temperatures for 2 h. Finally, the calcined powders were ball milled for second time
with zirconia balls for 12 h in isopropyl alcohol. The milled powders were dried and
then sintered by using SPS, with graphite dies with an inner diameter of 15 mm at
50 MPa uniaxial pressure. The temperature was increased to 600 °C within 10 min,
from where and onwards the pressure was increased to 100 MPa. The samples were
sintered at 1200–1350 °C for 5 min at a heating rate of 100 °C min−1.

Figure 3.56 shows SEM images of the powders in form of pellets, which were
calcined 700 and 900 °C first and then annealed at 1100 °C for 1 h [300]. The
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sample from the 700 °C-calcined powder was still powder-like without obvious
sign of sintering, while the one from the 900 °C-calcined powder was a porous
ceramics, with obvious grain growth, as shown in Fig. 3.56b. It has been well
known that low calcination temperature leads to porous powders, which cannot be
compacted densely and uniformly. However, too high calcination temperature
results in powder with reduced specific surface area and thus poor sinterability.
Therefore, there is an optimized calcination temperature for different nanopowders,
which was 900 °C for the 8YSZ nanopowder.

Figure 3.57 shows SEM images of the 8YSZ ceramics sintered at different
temperatures [300]. The samples sintered at 1200 and 1250 °C had grain sizes still
at the nanometric scale, with pores were mainly located at grain boundaries. At the
early and intermediate stages of SPS process, creeping and sliding of grains are the
dominating mechanism of densification, which is beneficial to break hard
agglomerates and destroy large pores, without the occurrence of grain growth.
Significant grain growth was observed as the sintering temperature was above
1250 °C. At the final stage of sintering at high temperatures, densification is
dominated by grain boundary diffusion. It is well accepted that the grain growth of
YSZ is closely related to the diffusion of oxygen vacancy, which is enhanced with
increasing temperature. Therefore, at high temperatures, pores could be entrapped
due to fast grain boundary migration, thus leading to pores that were changed to be
from intergranular to intragranular, as shown in Fig. 3.57d.

3.2.2.4 Nonaqueous Liquid Reactions

Reactions in nonaqueous liquids are mainly used to synthesize nonoxide powders,
such as Si3N4. One of the advantages of these methods is the high purity and fine
particle size of the powder. There are at least four such reactions: (i) vapor phase
reactions, (ii) gas–solid reactions, (iii) gas–liquid reactions and (iv) gas–gas
reactions.

Fig. 3.56 SEM images of the powders calcined in air at a 700 °C and b 900 °C. Reproduced with
permission from [300]. Copyright © 2012, Elsevier
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Vapor phase reactions can be used synthesize oxide and nonoxide powders. The
synthesis of Si3N4 and SiC powders will be used as examples to discuss these
reactions [301–308]. Si3N4 has two hexagonal polymorphs, α-phase and β-phase,
with the α-phase having slightly higher free energy at the formation temperature.
Powders of α-Si3N4 have a more equiaxial particle shape and higher sinterability
than β-Si3N4, because the particles of the latter grow into more elongated shape.
Therefore, α-Si3N4 is more preferred.

One example of gas–solid reactions is nitridation. Direct nitridation of Si is a
widely used method to synthesize Si3N4 powders, in which Si powder with particle
sizes in the range of 5–20 μm is reacted with N2 at temperatures of 1200–1400 °C
for 10–30 h [309–314]. The Si3N4 powder is usually a mixture of α and β phases.
The relative quantities of the two phases can be controlled by selecting the reaction
temperature, the partial pressure of the N2 gas in the nitriding atmosphere, and the
purity of the Si powder. Si3N4 powder can also be produced through the carbo-
thermic reduction of SiO2 in a mixture of fine SiO2 and C powders, which is
followed by nitridation at 1200–1400 °C in N2 [315]. Due to the widespread
availability of pure fine SiO2 and C, this method has become an attractive alter-
native to the direct nitridation of Si.

Fig. 3.57 SEM images of thermally etched surfaces of the samples sintered by using SPS at
different temperatures: a 1200 °C, b 1250 °C, c 1300 °C and d1350 °C. Reproduced with
permission from [300]. Copyright © 2012, Elsevier
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As a gas–liquid reaction, it has been showed that the reaction between liquid
silicon tetrachloride (SiCl4) and NH3 gas in dry hexane at 0 °C can be used to
prepare fine Si3N4 powder with very low levels of metallic impurities (<0.03 wt%)
[316]. The powder synthesized through this reaction is amorphous, which can be
crystallized to α-Si3N4 by heating at 1200–1400 °C for a prolonged time.

An example of gas–gas reactions is the formation of particles through the
homogeneous nucleation and growth in the gas phase and is governed by the same
equations for the nucleation of liquid droplets from a supersaturated vapor
described above, i.e., Eqs. (3.18)–(3.24). Gas-phase reactions have been used to
produce ceramic powders at both industrial scale and laboratory scale. Various
heating techniques, including flame, furnace, plasma, and laser, are being used to
the reactant gases for gas–gas reactions. Among these, flame synthesis, especially
flame spray pyrolysis, has been emerged as a newly developed technique used to
synthesize various oxide powders [317–326].

Figure 3.58 shows a schematic diagram of a representative flame assisted spray
pyrolysis (FASP) reactor, which has been used to synthesize oxide nanoparticles
[317]. Fuel, consisting of 1–12 mL min−1 of C2H2 of ⩾99.5 % or 12–30 mL min−1

of H2 of ⩾99.999 %, was delivered through 12 holes (i.d. = 0.5 mm) equidistantly
placed at the inner perimeter of a cylindrical torus ring (i.d. = 1.6 cm) coaxially to
and at 1 cm above the nozzle issuing the precursor solution spray. A stainless steel
tube (i.d. = 1.6 cm) was placed between ring and nozzle to shield the spray from air
entrainment. Precursor solutions were fed through the central nozzle by a syringe
pump at 2 mL min–1 and atomized by co-flowing 6 mL min−1 of oxygen (⩾99.5 %)
through the surrounding annulus at 1.5–1.7 bar pressure drop. Additional sheath
oxygen was supplied through 32 holes of 0.8 mm diameter each surrounding the
nozzle at 1.5 cm radius. All gas flow rates were controlled by calibrated mass flow
controllers. Using a vacuum pump, product particles were collected on water cooled
glass microfiber filters (25.7 cm in diameter) placed at least 60 cm above the burner.

A flame spray pyrolysis (FSP) technique has been used to synthesize lutetium
oxide (Lu2O3) nanoparticles from lutetium nitrate [323]. Optical quality transparent
ceramics were prepared via hot pressing of the Lu2O3 nanoparticles formed using
the FSP technique. A custom built flame spray pyrolysis system was used in this
study. The system was composed of a two phase nozzle, consisting of a central
capillary tube, surrounded by a ring of pilot flames, which were supplied with
1.5 L min−1 CH4 and 3 L min−1 O2. After ignition of the pilot flames, a co-flowing
stream of O2 and the liquid precursor are fed through the central capillary tube,
where the oxygen was used as a dispersion gas to atomize the liquid precursor. All
gases were supplied with flow rates regulated by using mass flow controllers.

The experiments were carried out by varying the O2 dispersion gas flow rate
from 2 to 5 L min−1. The powders were collected on Whatman GF 6 glass fiber
filter paper mounted in a water cooled stainless steel collection chimney equipped
with a vacuum pump (Busch). The Lu2O3 samples were synthesized from a solution
of Lu(NO3)3·6H2O containing 100 g of the nitrate crystal dissolved in 500 ml DI
water. The nitrate solution was then purified by crystallization and subsequent
washes, followed by filtration through 0.8 μm filter media. Batches of 20 g of Lu
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(NO3)3·6H2O were dissolved in 100 ml of ethanol to obtain the final FSP nano-
particle precursor solution.

Figure 3.59 is a transmission electron microscope image of a sample of cubic
Lu2O3 nanoparticles, with the corresponding particle size distribution given in
Fig. 3.59b. The mean particle diameter was found to be 15 nm. The sample was
synthesized with an oxygen dispersion gas flow rate of 2 L min−1 and a precursor
flow rate of 10 mL min−1. It can be seen that the sample consists of agglomerates as
well as primary particles that have been broken off during the sonication process.
The BET surface area of the particles was found to be 28.9 m2 g−1, with an
equivalent diameter of 22 nm. XRD indicated that the oxygen dispersion gas flow
rate could be used control the phase content of the final Lu2O3 powders. For

Fig. 3.58 Schematic of a flame assisted spray pyrolysis (FASP) reactor consisting of a two-fluid
nozzle for atomizing the liquid precursor with oxygen and a cylindrical torus (FASP) ring with
boreholes to inject and combust C2H2 with the precursor solution spray. The ring was located at
1 cm above the nozzle and the spray was shielded from air entrainment by a tube. Reproduced with
permission from [317]. Copyright © 2013, Elsevier
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instance, the sample that was synthesized at 2 L min−1 was pure cubic Lu2O3, with
space group of Ia3, whereas the one synthesized at 5 L min−1 contains a metastable
monoclinic phase.

The powders were mixed with a sintering aid before sintering. Hot pressing
densification was carried out in vacuum in a temperature range of 1450–1625 °C, at
a pressure of *8 kpsi, followed by hot isostatic pressing at 30 kpsi. The polished
samples exhibited high transparency. Densification of ceramic powders is accom-
plished through atomic diffusion which is activated by thermal and shear energy in
the case of hot pressing. Since hot pressing uses both thermal and mechanical
energy sources, ceramics can be densified at lower temperatures which results in a
finer grained microstructure.

Figure 3.60 shows SEM images of the samples made with the pure cubic phase
powder that was hot pressed at 1625 °C and the mixed monoclinic phase pressed at

Fig. 3.59 a TEM image of the Lu2O3 nanoparticle and b its particle size distribution. Reproduced
with permission from [323]. Copyright © 2012, Elsevier

Fig. 3.60 SEM images of the cubic phase sample hot pressed at a 1625 °C and b the mixed phase
hot pressed at 1450 °C. Reproduced with permission from [323]. Copyright © 2012, Elsevier
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1450 °C [323]. The mixed phase sample had greatly reduced grain size, due to its
lower sintering temperature. In other words, flame spray synthesis process offered
an additional advantage to produce metastable phase, in this case (Lu2O3). The
monoclinic Lu2O3 phase is a high free energy metastable phase, as compared with
the cubic equilibrium phase. Because the high free energy, the presence of the
monoclinic phase reduced the sintering temperature and pressure. The metastable
phase was completely transferred to cubic phase during the hot pressing sintering.

3.3 Summary

A wide range of methods have been used to synthesize ceramic powders, with
different compositions. Although most of these methods are applicable to trans-
parent ceramic power synthesis, some of them have not been employed in the
fabrication of transparent ceramics. Solid-state reaction is still the key method,
while wet-chemical routes are increasingly used, whereas gas-phase reactions are
only limited to nonoxide ceramics. For large scale applications, cost-effectiveness,
environmental friendliness and less energy consumption, are all very important
considerations, when selecting synthetic methods.
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