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Abstract:  Background:  New  insights  into  materials  science  provide  development  of  smart
nano/micro  structured  materials  for  advanced  applications.  Rare  earth  includes  a  set  of  chemical
elements (from La to Lu, including Sc and Y) with unique properties, the use of which is evidenced by
luminescence applications. Colloidal processing offers great possibilities to obtain smart materials by
controlling  inter-particle  forces,  as  well  as  their  evolution during ceramic  processing.  The present
article reports a review on colloidal processing with emphasis on rare earth powders. A general view
about rare earths properties, including scientific investigations and applications are also presented.

Methods: General view on rare earth sources, classification, properties, studies, and applications are
reported. Besides, a review on colloidal processing covering particle characteristics,  inter- particle
forces,  dispersion  methods,  rheology  of  suspensions,  shaping  process,  drying-sintering  stage,  and
microstructure formation is reported.

Results: Yttria is the most used rare earth oxide in phosphors applications (70%). Synthesis routes
imply  on  powder  properties.  Particle  characteristics  as  size,  shape,  density,  and  surface  area  are
important parameters for colloidal processing. The control of inter- particle forces by zeta potential
evaluation  and  using  dispersion  methods  provide  conditions  to  prepare  stable  suspensions.
Consolidation of colloidal particles into a desired shape depends on both viscosity and rheological
behavior of suspensions. Drying-sintering conditions are effective on microstructure formation and
component characteristics. Bio-prototyping is a low cost method, which provides components with
complex shape and cellular architecture.

Conclusion: Rare earths exhibit remarkable properties, being applied in diverse technological end-use.
Colloidal processing provides opportunities to form smart materials since synthesis of colloids until
development  of  complex  ceramic  components  by  shaping  methods  and  thermal  treatment.  Even
though  colloidal  processing  is  quite  mature,  investigations  on  rare  earths  involving  inter-  particle
forces, shaping, drying-sintering stage, and microstructure formation are very scarce.
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1. INTRODUCTION
Colloidal  processing  consists  in  a  set  of  procedures  to

obtain advanced materials since manipulation of molecular
structures  by  synthesis,  including  the  control  of  inter-
particle  forces  (dispersion  mechanisms),  consolidation  of
colloidal particles into a desired shape, followed by physical
enhancement of particle-particle bonds by means of thermal
treatment.  Literature  [1]  defines  “colloidal”  particles  that
exhibit diameter size between 1-1000nm.

With  advancement  in  colloidal  processing  approaches,
the use of  rare earth elements (RE) in the development of
advanced  materials  has  increased  considerably.  RE  is  a
group   of   elements  that  exhibit  unique  properties,  being
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studied  and  applied  in  a  diversity  of  subject  areas,  from
economy to aerospace.

The present paper aims to report a review on colloidal
processing of RE based materials. This review is structured
as following. A slight overview on RE, including sources,
physical-chemical characteristics, searches by subject area,
applications, a highlight about yttria, which is the main host
material used for luminescent materials, is described.

The behavior of colloidal particles in aqueous medium is
a consequence of interaction between particles surface and
liquid medium. This interaction is characterized by surface
chemistry  and  determines  if  particles  stay  dispersed,
flocculated,  or  become  sedimentary.  A  brief  review  on
surface potential, electric double layer, isoelectric point, and
zeta potential definition is reported with the aim to describe
the mechanism of dispersion of particles. Besides, the flow
behavior of ceramic suspensions, which is defined by how
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particles  interact  with  each  other,  including  dispersing
medium is explained by rheology and rheological models. In
addition, optimized parameters from colloidal processing of
rare earth based materials are reported.

The  control  of  suspension  structure  by  application  of
suitable dispersion mechanism provides conditions to form
compact bodies with near net shape characteristics. Among
shaping methods from suspensions as casting, tape casting,
hot  pressing,  replica  is  characterized  as  low  cost  and
effective  to  produce  bodies  with  complex  size,  shape,
including those with void space. A glance about this useful
process is presented.

Finally,  an  outlook  on  colloidal  processing  of  RE
including chemical, environmental, and biological sciences
are described.

2. GENERAL VIEW ON RARE EARTHS
The  term  rare  earths  (RE)  is  given  to  a  group  of

chemical  elements  which  compose  the  lanthanide  series
(from La to Lu), including Sc and Y elements. RE elements
are relatively abundant in earth’s crystal as shown in Table 1
[2].  Cerium  (Ce)  is  the  most  abundant  among  RE  with
concentration of 60ppm, being higher than copper (Cu) with
concentration around 50ppm. Comparatively, lutetium (Lu)
is the less abundant among RE with estimative of 0.5ppm.
Sc and Pm elements are not  indicated in Table 1  since Sc
concentration is too small as compared to other RE, as well
as  Pm is  synthetic  element  [3].  Yttrium (Y)  element  even
though light (atomic number 39), is included with the heavy
RE group due to its similar chemical and physical properties
[2].
Table 1. Estimative of RE elements available in earth’s crust.

Group Element Symbol Atomic Number
(Z)

Crust Abundance
(ppm)

Light

Lanthanum La 57 39
Cerium Ce 58 66.5

Praseodymium Pr 59 9.2
Neodymium Nd 60 41.5
Samarium Sm 62 7.05
Europium Eu 63 2.0

Gadolinium Gd 64 6.2

Heavy

Terbium Tb 65 1.2
Dysprosium Dy 66 5.2

Holmium Ho 67 1.3
Erbium Er 68 3.5
Thulium Tm 69 0.52

Ytterbium Yb 70 3.2
Lutetium Lu 71 0.8
Yttrium Y 39 33

In  nature,  RE  elements  exhibit  aspect  like  earths,
frequently  being  a  mixture  of  at  least  two  RE  elements.
Since  RE  exhibits  chemical  and  physical  similarity,  the
process  for  separation,  which  means  purification  of  these

elements, is very complex and as a consequence expensive.
The  first  step  for  separation  of  RE  elements  consists  in
classification  of  RE  elements  based  on  their  molecular
weight,  being  separated  in  light,  medium  and  heavy
concentrates. Afterwards, for each concentrate, a process to
separate RE elements individually is performed. Thus, the
term “rare  earths”  in  fact  means  “complex  to  obtain”  and
consequently, RE based materials are expensive products.

According  to  the  United  States  Geological  Survey
(USGS)  report  of  2017  [4],  the  main  sources  of  RE  are
located  in  China  with  36%,  Vietnam  and  Brazil  each  one
with 18%, and Russia with 15% as illustrated in Fig. (1). On
the other hand, Zhanheng et al. [3] reported that Brazil has a
large reserve of rare earths around of 32.32%, being bigger
than  China  with  22.12%.  However,  most  of  Brazilian
reserves might not be practical or economical to process. It
is reported that Brazil has begun to process rare earths since
1884.

Fig. (1). World RE reserves based on USGS report 2017 [4].

Fig. (2). Scientific contributions on RE based materials from 2000
year up to march 2017 from Scopus platform.

Efforts have been made by the universities and research
institutes throughout the world for development of advanced
processes  to  produce  materials  and  components  based  on
RE.  Fig.  (2)  Illustrates  the  scientific  search  scope  on  RE
based materials in the last  seventeen  years.  The  following
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Fig. (3). RE studies by subject area from 2000 year up to march 2017 based on Scopus platform.

keywords  were  used on Scopus  platform in  order  to  build
the  chart:  rare  earths,  phosphors,  lanthanides  and,
luminescence.  Since  2000  year  an  expressive  increase  of
publications  from  6000  to  around  15000  in  2015  is
observed. A slight difference of less 1000 works is observed
in 2016. This difference might be ascribed to difficulties for
publishing  new  papers  since  peer  reviewing  process  has
been improved. For 2017 year only publications up to month
of March were considered. However, it is expected that for
2017 a great number of publications like previous years will
be reached.

The  First  Industrial  Revolution  began  with  the  use  of
water  force  and  steam  as  energy  supply  to  improve  pro-
duction. Afterwards, the Second Revolution used electricity
in order  to  perform mass production.  With the advance in
electronic  and  information  technologies  automation  of
production became reality,  which characterized The Third
Revolution. A new era of development addressed as Fourth
Revolution  has  begun,  characterized  as  global  transfor-
mation in which digital, physical, chemical, and biological
sciences converge. The RE based materials with their unique
physical-chemical  properties  provide  basis  for  this

convergence. The result of this convergence is illustrated in
Fig. (3) that relates the main searches using RE by subject
area.  The ten top search areas  according to  the number of
publications are as following, (1) Physics and Astronomy,
(2) Materials Science, (3) Chemistry, Engineering, (4) Earth
and  Planetary  Sciences,  (5)  Biochemistry  and  Molecular
Science,  (6)  Chemical  Engineering,  (7)  Medicine,  (8)
Computer  Science,  (9)  Energy,  and  (10)  Environmental
Sciences.

Innovation  is  a  drive  force  that  provides  development
and  this  concept  is  represented  on  RE  end-use  and
investigation  (Fig.  4).  The  three  biggest  economies
concentrate  the  most  efforts  on new insights  on RE based
technology  as  follows,  China  (29.14%),  United  States
(14.54%)  and  Japan  (9.09%).  Despite  China,  the  BRICs
group  presents  significant  participation  on  RE  studies
around  13.61%.  Considering  recent  release  of  The  Global
Competitiveness  Report  2016-2017  [5],  technology  and
innovation  are  increasingly  driving  development.  In
addition,  developing  economies  like  BRICs  exhibit  large
market  size  which  is  attractive  for  application  of  new
policies  and  strategies  of  development.
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Fig.  (4).  Top  15  countries  that  concentrate  effort  on  RE  based
studies  from  2000  year  up  to  march  2017  according  to  Scopus
platform.

RE elements  present  chemical  and  physical  similarity,
exhibiting  quite  similar  structure  of  external  electronic
levels 5d and 6s. The sublevel 4f is progressively filled and
ionic  and  atomic  radius  decrease  as  a  function  of  atomic
number (Z). This peculiarity is characterized as lanthanide
contraction and reflects in properties of RE atoms and ions
as,  enhancement  of  complexes  formation  stability,  less
tendency of metals oxidation, hydrolysis and, improvement
of covalence degree [6].

The use of  RE based materials  (Fig.  5a)  has increased
significantly  in  diverse  technological  applications  and
searches  on  this  field  have  provided  many  advances  in
magnets [7],  special  alloys [8],  glass pigments [9],  optical
fibers  [10],  lenses  [11],  abrasives  [12],  thin  films  [13],
sintering  aids  [14],  luminescence  materials  [15],  oxygen
sensors [16], cracking catalyzers [17], cancer treatment [18]
and odontology [19].

Ce  and  La  based  oxides  are  the  most  used  with
respectively  43.5%  and  39.9%  as  illustrated  in  Fig.  (5b).
According to the recent report of USGS [20], La2O3 is used

for  the  production  of  digital  camera  lenses,  including  cell
phone  cameras  (>50%),  including  catalyzers  to  refine
petroleum. Ce based oxide is  used in  automotive catalytic
converters, as well as making special alloys.

Nowadays, among RE group yttrium oxide also known
as yttria (Y2O3) is one of the most important oxides, being
used in a variety of applications. In this work this substance
will  be  addressed  as  yttria  and  a  special  glance  on  this
material  is  given  as  following.

3. YTTRIA (Y2O3)

Yttria exhibits cubic C-type crystal structure (Fig. 6a),
density  of  5.02g.cm-3,  melting  point  at  2400°C,  and  other
intrinsic properties  (Table 2)  [21] that  gives rise to it  as  a
promising  material  for  advanced  applications.  Hoekstra  et
al.  [22]  reported  that  all  sesquioxides  as  Dy2O3,  Th2O3,
Ga2O3  and  Ln2O3  present  C-type  structure.  Nevertheless,
some  contributions  in  literature  revealed  Y2O3  exhibiting
other three distinct crystal structures. Gourlaouen et al. [23]
synthesized Y2O3 with monoclinic structure at 997°C using
pressure of 2GPa. Navrotsky et al. [24] reported that cubic
C-type  structure  exhibited  two  phase  transformations,  the
first from cubic to fluorite at 2308°C and, the second from
monoclinic  to  hexagonal  at  2325°C.  Quin  et  al.  [25]
observed that yttria particles with diameter less than 10nm
exhibited monoclinic structure.

As crystallographic characteristic of Y2O3, the cubic C-
type lattice is composed of Ia3 space group, sixteen formula
units per unit  cell,  coordination number (N) of 6,  and two
points symmetry (S6, C3i) and C2. The S6 site has an inver-
sion  center  and  smaller  crystal  field,  whereas  C2  has  no
center  of  inversion,  which  enables  electron-dipole  transi-
tions and consequently luminescent emissions as doped with
RE  ions.  Doping  yttria  host  with  RE  is  performed  by
replacing  Y3+  ions  with  Eu3+  at  sites  S6  and  C2.  A  small
cluster model containing four Y and six O atoms from Y2O3

Fig. (5). Applications of RE based materials in the world by (a) subject area, (b) oxides.
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Fig. (6). Crystallographic representation of yttria. In (a) Cubic C-
type  crystal  structure,  (b)  C2  cluster  (c)  valence  charge  density
map.

Table 2. Main properties of yttria.

Properties Description

Physical

Density (g.cm-3) 5.02
Refractive index >1.9

Melting point (°C) 2400.0
Crystalline structure Cubic C-type

Band gap (eV) 5.6
Phonon energy (cm-1) 300-380.0

Mechanical

Vickers hardness (GPa) 6.0
Flexural Strength (MPa) 130.0

Young’s modulus of elasticity (GPa) 160.0
Fracture toughness (MPa.m1/2) 1.1

Thermal

Coefficient of linear thermal
expansion (x10-6.K-1)

40-400°C 7.2
40-800°C 7.6

Thermal conductivity (W.m-1.K-1) 20°C 14.0

Specific heat capacity (J.g-1.K-1) 0.45

Electrical

Dielectric strength (kV.mm-1) 11.0

Volume resistivity (Ώ.cm)
20°C >1013

300°C 1010

500°C 107

Dielectric constant 1MHz 11.0
Dielectric loss angle (x10-4) 1MHz 5.0

Loss factor (x10-4) 55.0

lattice  (C2  symmetry)  is  illustrated  in  Fig.  (6b).
Govindasamy et  al.  [26] using the time-dependent density
functional  theory  (DFT)  calculated  binding  energies  of
undoped and Eu doped yttria. As a result, authors found out
that  most  probable  transition  in  yttria  cluster  is  a  singlet
state with binding energy around -58.46eV.

Some  investigations  reveal  that  the  nature  of  bonding
between Y-O is  not  completely  ionic.  Nian  Xu et  al.  [27]
reported  a  theoretical  study  on  the  bond  order  of  Y2O3,
which means a quantitative measure of the strength of the
bond for Y and O in crystal lattice of Y2O3. From this study,
the  chemical  bond  of  Y2O3  is  far  from fully  ionic  and  the
bonding  between  Y  and  O  is  significantly  covalent.  In
addition,  from  the  valence  charge  density  maps  (Fig.  6c)

[27] it is seen that the cubic structure of Y2O3 is less closely
packed, exhibiting large vacancies for Y and O planes. As a
result,  these  vacancies  enable  RE  ions  incorporation  and
formulation  of  luminescent  yttrium  oxide  based  materials
(Y2O3:RE).

Yttria  exhibits  chemical  and  physical  properties  quite
similar to lanthanides elements, being very used as matrix
for  insertion  of  other  RE  ions  (activators)  and  forming
luminescence materials. The emission spectrum varies as a
function of RE ion as well as its concentration. Wang et al.
[28] reported that europium doped yttria (Y2O3:Eu) emission
was intensified according to the crystallite and particle size
of particles. Besides, Zhang et al. [29] observed significant
luminescence  of  Y2O3:Eu  as  synthesized  by  combustion
method  and  sintering  in  vacuum  atmosphere.  In  addition,
Goldburt et al. [30] particles with size around 1nm exhibited
higher emission than those with size around 10nm. Face to
this context, it is seen that yttria is a very useful substance
for the composition of luminescence materials.

As shown in Fig. (7a), yttria is basically used for cera-
mic (47%) and phosphors (43%) development. For cerami-
cs, yttria is used as structure aid for advanced ceramics as
ZrO2  (TZP)  [31],  aluminium and  magnesium based  alloys
[32], biomaterials [33], and permanent magnets [34].

Fig. (7). Yttrium oxide as high technological material, (a) general
use and (b) as host for phosphors technology.

For  phosphors  application  (Fig.  7b),  yttria  is  the  most
used  material  as  compared  with  others  RE  (70%),  being
used  mostly  as  host  for  other  RE  such  as  Y2O3:Er  [35];
Y2O3:(Er, Tb) [36]; Y2O3:Eu [37]; Y2O:  (Eu, Dy, Tb) [38].
Besides,  yttria-alumina  system  provides  an  excellent
material  for  laser  technology as  YAG (yttrium aluminium
garnet)  [39].  Therefore,  yttria  exhibits  large  applicability
and its use as controlled provides substantial condition for
the  development  of  high  advanced  materials.  Colloidal
processing  aims  at  this  issue.

Colloidal processing is one of the approaches frequently
used to produce ceramic bodies from ceramic suspensions
constituting  particles  which  have  a  diameter  size  of  up  to
1000nm.  Since  particle  size  is  small,  the  contact  area
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between  particles  and  dispersing  medium  is  large.  As  a
consequence,  surface  forces  are  strongly  effective  on
suspension  behavior.  The  ability  of  controlling  particle
stability has led to the advances beyond ceramic processing
as,  petroleum,  filtration  systems,  inks,  drug  delivery;
cosmetics,  and  food  processing.

4.  GENERAL  ASPECTS  OF  COLLOIDAL  PROCE-
SSING

Colloidal processing supplies great possibilities to obtain
smart  materials  by  means  of  manipulation  of  molecular
structures  (colloids),  control  of  inter-particle  forces,
consolidation  of  colloidal  particles  into  a  desired  shape,
drying,  and  the  enhancement  of  inter-  particle  bonds  by
thermal treatment. Our research group has contributed with
publications  covering  this  issue  as  follows,  yttria  nettings
[40];  bio-prototyping  of  rare  earth  doped  yttria  ceramics
[41],  yttrium  disilicate  microcellular  ceramics  [42]  and,
biomorphic  dysprosium  doped  yttrium  disilicate  burners
[43].

Particle  characteristics  as  size,  shape,  surface  area,
density,  as  well  as  chemical  composition  must  be  well
controlled  in  order  to  produce  smart  materials.  Diverse
synthesis  methods  have  been  proposed  for  production  of
rare earth particles with controlled characteristics such as sol
process  [44],  micelles  [45],  sol-gel  [46],  chemical
precipitation  [47],  hydrothermal  [48],  pyrolysis  [49],  and
vapour deposition [50]. According to the synthesis method
particles can exhibit one of the following shapes, spherical,
rounded, angular, spongy, flakey, cylindrical, acicular, and
cubic (Fig. 8).

Fig.  (8).  Classification  of  particles  considering  (a)  size  and  (b)
shape.

Particle  size  is  an  important  parameter  in  colloidal
processing. In general, powder is composed of particles of
diverse  sizes.  Thus,  it  is  fundamental  to  measure  not  only
the mean particle size (d50), but its size distribution. Particle
size  represents  the  three  dimensional  particle  in  one-
dimensional scalar value. A good review on techniques for
particle size measurements is found in [51].

Particle  size  distribution,  shape,  and  state  of  agglo-
meration  have  substantial  influence  on  rheology,  shaping,

drying,  and  sintering.  As  a  result,  the  final  microstructure
which  determines  material  performance  is  associated  with
characteristics of starting powders.

A  ceramic  suspension  consists  basically  in  a  homo-
geneous  mixture  of  solid  particles  dispersed  in  liquid
medium. The properties of this mixture (solid particles and
liquid  medium)  depend  on  characteristics  of  liquid  and
particles  (size,  shape,  particle  surface  condition)  and  the
interface between particle-liquid medium [52].

Stable suspensions supply suitable packing of particles
during shaping and as a consequence, leads to the formation
of  ceramic  bodies  with  high  density  as  shaped,  high
dimensional control, low concentration of defects, as well as
homogeneous microstructure as sintered [53].

The particle behaviour in suspension and its stability can
be understood using Double layer model  or  DLVO theory
(Derjaguin, Landau, Verwey and, Overbeek) [54]. From this
model,  aqueous  suspension  stability  can  be  controlled  by
adjusting  surface  condition  of  particles  via  pH  of
suspension.

Electric  potential  formed  at  particle  surface  (Fig.  9a)
[55] attracts many ions in suspension with opposite charges
(contra  ions),  which  in  turn  stay  around  particle.  Since
particle exhibits limited size, only some ions are absorbed
on  the  particle  surface.  The  absorbed  contra  ions  form  a
protective  layer,  Stern  layer.  Those  ions  that  are  not
absorbed are not able to stay beside particle, seeing that are
repealed  by  Stern  layer  ions.  Contra  ions  concentration
decreases as a function of their distance from solid particle,
which  in  turn  forms  a  second  layer  addressed  as  diffuse
layer.  On the other hand, ions that exhibit  charge equal to
particle  are  known  as  co-ions  and  are  attracted  by  contra
ions  from  Stern  layer  and  at  the  same  time  are  strongly
repealed  by  particle.  As  a  consequence,  co-ions  concen-
tration  is  intensified  by  increasing  of  the  distance  from
particle  surface  (Fig.  9b).  The  region  that  englobes  Stern
layer  and  diffuse  layer  is  defined  as  double  electric  layer.
This  ionic  cloud  follows  particle  throughout  suspension
flow,  keeping  it  dispersed  in  liquid  medium  [56].

Based  on  the  Stern  theory  (Fig.  9c)  [55]  the  electric
potential varies from particle surface (ψ) to Stern plane (ψd)
and  decreases  to  0  as  a  function  of  distance  from particle
surface.  Electric  potential  of  Stern  plane  is  measured  by
experimental  techniques  as  electrophorese.  By  electro-
phorese  an  electric  field  is  applied  on  suspension  and  the
velocity of dislocation of particles (electrophoretic velocity)
is  measured.  From  this  values  and  using  Equation  1,  it  is
possible  to  determine  zeta  potential  (ζ)  that  represents
electric potential at share plane. The share plane includes an
area of  separation between those remaining contra-ions of
double  electric  layer  and  those  that  are  not  on  particle
surface  as  soon  as  an  electric  field  is  applied  [56,  57].

(1)
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Table 3. IEP of rare earth oxides reported in literature.

Ref. RE oxide IEP Electrolyte T. (°C) Equipment
[58] CeO2 6-8 10-3M NaNO3 24°C Pen Kem 501

[59] Dy2O3 8.8 - - Pen Kem 7000
[59] Er2O3 8.8 - - Pen Kem 7000
[60] La2O3 10.3 - - -
[59] Nd2O3 8.4 - - Pen Kem 7000
[61] PrO2 8.0 10-2M KCl - -
[62] Sc2O3 7.2 10-2M KCl 25°C Rank Mark II
[59] Sm2O3 8.3 - - Pen Kem 7000

[63] Th2O3 5.9-7.3 10-3 KNO3/NaClO4 23°C -

[64] Y2O3 8-9 10-2 NaCl 26-27°C Malvern Zetasizer II C

[61] Yb2O3 6.8-7.2 10-2 - 1M NaCl/ KNO3 25°C -
Ref.: Reference; T.: Temperature; (-) unavailable data.

Fig. (9). Representation of the electric double layer according to Stern’s theory. In (a) particle dispersed in liquid medium surround by ions
forming Stern layer, diffuse layer and electric double layer; (b) disposition of charge layers that form electric double layer; and (c) electric
potential variation as a function of the distance from particle surface [55].

Onde:

ε = electric permissively;
η = viscosity of medium [mPa.s];
μe = electrophoretic mobility [μ.s-1.V-1.cm];
f(kα) = 1.5 (aqueous medium).

According  to  the  DLVO  theory  [54],  the  stability  of
particles in aqueous medium is performed by means of pH
shifting,  which  means  ionic  strength  of  medium.  It  is
considered that a suspension is stable when zeta potential |Z|
value  is  at  least  25mV.  If  |Z|  is  zero  particles  become
neutral,  wherein  no  electric  double  layer  is  formed.  As  a
consequence, particles tend to be agglomerate and sink. The

pH value in which this phenomenon takes place is defined
as  isoelectric  point  (IEP).  Therefore,  to  prepare  stable
suspensions (|ζ|≥25mV) it is recommended that pH is shifted
for values far from IEP. Table 3  lists the IEP of some RE
oxides.

The principle of stability of ceramic suspensions consists
in reducing the intensity of attraction forces between parti-
cles, as well as increasing the dispersing time of particles.
For this purpose procedures are done in order to give rise to
repulsion  forces  and  as  a  consequence  maintain  particles
dispersed.  This  repulsion  methods  can  be  performed  by
means  of  electrostatic  charges  (electric  mechanism),
repulsion  by  polymeric  molecules  (steric  mechanism  or
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depletion),  and  by  combining  methods  of  electric  charges
with polymeric molecules (electrosteric mechanism).

4.1. Methods of Suspensions Stabilization
Electrostatic  stabilization  (Fig.  10a)  [65]  includes

formation of electric charges in particle surface. For oxides,
the formation of surface charges usually occur as a result of
reaction  between  (OH-)  surface  group  and  hydroxonium
(H3O

+)  and  hydroxyl  (OH-)  ions  of  liquid  medium,  as
expressed  in  Equation  2  [55]  and  Equation  3  [55].  This
process depends on pH of suspension. The development of
negative surface charges is enhanced as pH at least equal or
superior of 7,  whereas for pH less than 7 positive charges
are  formed.  Thus,  the  origin  of  surface  charges  is  a
consequence  of  electric  potential  difference.  To  disperse
particles  in  a  liquid  medium  the  repulsion  forces  have  to
overcome attraction forces.

    MOH+ H+ = MOH2
+ (2)

    MOH + OH- = MO- + H2O (3)

Where,

H+: ion of positive electric potential (+);
OH-: ion of negative electric potential (-);

In  some  ceramic  systems  elaboration  of  stable
suspensions only with pH adjustment is not possible, once
great  concentration  of  acid  or  base  solutions  gives  rise  to
dissolution of solid particles, or increase of ionic strength.
As a consequence, electric double layer is shrunk, particles
flocculate  and  finally,  sink  as  sediment.  Thus,  polymeric
dispersants  are  used  to  supply  stability  of  particles  by  a
physical  barrier  from  adsorption  of  polymeric  chains  in
particle  surface  [56].

Steric  stabilization  (Fig.  10b)  [65]  includes  using  a
polymer  as  a  physical  barrier  to  separate  particles  in
suspension.  For  this  stabilization  to  be  effective,  the
polymer  has  to  be  adsorbed  in  particle  surface  so  that  the
bond polymer-surface is intense, avoiding the phenomenon
of  desorption.  The  thickness  of  adsorbed  polymeric  layer
has to be higher than the distance in which Van Der Waals
forces act. However, polymer chains cannot be long enough
to  give  rise  to  phenomenon  of  bridge,  wherein  the  same
polymeric chain is adsorbed by two particles bridging [56].

The  interaction  between  polymer  layers  adsorbed  in
particles  surface  is  under  the  influence  of  the  distance
between  them.  As  the  distance  (D)  is  double  than  its
thickness  (L)  of  polymeric  layer  (D>2L),  there  is  no
repulsion  between  particles  by  this  mechanism.  If  this
distance  is  (L<D<2L)  polymer  chains  can  penetrate  each
other  to  eliminate  the  liquid  which  separates  each  other
(osmotic pressure). When the distance between particles is
(D<L)  there  is  a  compression  of  polymer  chains  while
collision  of  particles,  giving  rise  to  a  strong  repulsion
between  them.

Electrosteric  mechanism  is  a  result  of  the  last  two
dispersing  mechanisms,  which  are  electrostatic  and  steric.
Electrosteric dispersion is based on ionized polymer chains,
which are defined as polyelectrolytes. As resulted ions from
dissociation of molecules supply dispersion of particles by
steric and electrostatic mechanisms (Fig. 10c) [65].

Particle stabilization can be also performed by means of
adding polymer solutions which are not adsorbed in particle
surface,  and  being  still  in  solution.  This  mechanism  is
addressed as depletion (Fig. 6d) and according to Azakura et
al. [66] as particles tend to be near each other, the polymer
which is in the region between them, goes out and leads to
flocculation of these particles.

Vicent  et  al.  [67]  proposed  an  alternative  depletion
approach.  This  model  is  based  on  a  mixture  of  steric
stabilization and traditional depletion, in which the adsorbed
polymer in particle surface (L) interacts with those polymer
molecules  in  dissolution.  These  free  polymer  molecules
collide  with  adsorbed  polymer.  However,  as  particles  are
near  each other,  the  free  molecules  are  excluded from the
region  between  particles  (D).  It  is  considered  as  a  weak
repulsion mechanism. From this model, as the distance (D)
of  separation  of  particles  is  2L  depletion  attraction  takes
place, whereas when the D is less than 2L, steric repulsion is
effective.

Fig. (10). Methods for dispersing particles in liquid medium, (a)
electrostatic; (b) steric; (c) electrosteric; and (d) depletion.

Santos  et  al.  [40]  reported  the  stability  of  yttria  in
aqueous medium using 10-2M NaOH as electrolyte (Fig. 10)
[40].  In  this  study,  zeta  potential  evaluation  of  yttria  was
performed as a function of dispersant concentration (poly-
acrylic acid, PAA) and pH from 5.5 to 12.5 (Fig. 10a) [40].
Sprycha et al. [68] reported that yttria particles are soluble
in acid conditions, with pH less than 5.5. As a result,  it  is
observed that yttria suspensions with no dispersant (0 wt.%
PAA)  exhibited  an  isoelectric  point  (IEP)  at  pH  of  8.5.
Further, yttria particles became stable at pH values inferior
of 7 with zeta potential |of 50mV, as well as with pH higher
than 9.0 with |ζ| at least of 40 mV.

The use of PAA provided displacement of IEP from 8.5
to  around  of  pH 6-6.5  (Fig.  11a)  [40].  Besides,  PAA was
useful to prepare stable suspensions apart from pH of 6.5. In
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Fig. (11). Evaluation of yttria particles stability in aqueous medium. In (a) zeta potential curves as a function of pH and dispersant dosage
PAA; (b) correlation between zeta potential and viscosity based on pH of suspension.

addition, concentration of 1 wt.% of PAA with pH of 10.5
supplied the highest zeta potential (|56 mV|), being the best
parameters to prepare highly stable suspensions.

The  effect  of  zeta  potential  (ζ)  on  promoting  decrease
viscosity  (η)  of  yttria  suspensions  is  shown  in  Fig.  (11b)
[40]. If pH of suspension is set near to IEP (pH of 8.5) weak
dispersion of particles with low zeta potential around of |5
mV|), and as a consequence high viscosity are provided. On
the  other  hand,  as  long  as  pH  is  set  to  alkaline  condition
such  as  pH  of  10.5  ζ  value  became  maximum  (|40  mV|),
whereas  η  became  minimum  (7  mPas).  Therefore,  these
results  confirm  that  the  pH  around  10.5  provides  highly
stable yttria suspensions.

The  stabilization  of  particle  provides  preparation  of
ceramic suspension for any kind of shaping process such as,
casting,  prototyping,  replica,  extrusion,  injection,  dip
coating,  and  tape  casting.  Based  on  this  idea,  rheological
behaviour is one of the most important properties in ceramic
processing  from  suspensions.  In  general,  rheology
characterizes  flow  behavior  of  fluids,  suspensions  of
particles,  and  emulsions  as  a  response  to  external  stress.
Parameters as viscosity, temperature, shear rate, and shear
stress are essential variables for materials processing from
suspensions.

4.2. Rheology of Ceramic Suspensions
Rheology is the science that studies the relation between

deformation and flow of matter [56]. IUPAC [69] describes
it  as  the  study  of  deformation  and  flow  of  matter  by
influence  of  external  tension.  This  word,  which  is  from
Greek and whose composition means rheo > flow and logy
> study was proposed for the first time by Bingham in 1928.
Rheology aims to determine the necessary force to provide
some deformation  of  matter,  which  means  deformation  or
flow as resulted of external tension.

In  rheological  study  the  important  parameters  are
viscosity,  shear  rate,  shear  stress,  solids  load,  and  liquid
medium  (aqueous  or  organic).  The  shifting  of  these
parameters is necessary according to the specific conditions
for each shaping process [70].

4.3. Viscosity
For  diluted  suspensions  (low  solids  load),  or  “pure”

substances  like  water,  the  viscosity  is  a  constant  of
proportionality  between  external  tension  and  velocity  of
flow  (shear  rate).  Upon  concentrated  suspensions,  this
relation is not effective, which means that viscosity involves
other parameters [56, 71].

Viscosity constitutes the main rheological characteristic
of  a  suspension.  Stable  suspensions  tend to  flow easily  as
compared with those unstable. As much as particles are in
suspension, more complex dispersion is, since the distance
between  particles  become  shorter,  which  makes  easier  to
give  rise  to  attraction  forces  as  Van  Der  Waals  and
formation of agglomeration of particles. The agglomerates
exhibits void spaces which retain liquid in their interior and
intensify  friction  between  particles  and  as  a  consequence,
enhance viscosity of suspension [56].

4.4. Shear Stress (τ) and Shear Rate (γ)
Among many definitions about viscosity, one which is

much  appreciable  refers  to  viscosity  as  the  resistance  of
flowing.  Based  on  the  Newton  model  [65]  two  parallel
plates are separated by a distance (x) and a liquid is between
them.  The  inferior  plate  (base)  is  fixed.  A  force  (F)  is
applicable  upon  superior  plate  with  area  (A)  in  tangential
direction,  wherein  a  plate  moves  with  a  constant  velocity
(V)  in  parallel  direction  to  inferior  plate.  The  liquid
molecules  which are  beside  superior  plate  will  move with
velocity (V), which decreases gradually as a function of the
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distance of liquid molecules from superior plate, tending to
zero for those near inferior plate (base) [71].

The  tangential  force  (F)  that  acts  for  the  unity  of  area
(A)  is  defined  as  shear  stress  (τ),  the  force  necessary  to
provide  flowing  of  a  fluid  and  is  expressed  as  shown  in
Equation 4 [71].

(4)

The gradient of velocity of plates defines the shear stress
(γ), which is expressed as shown in Equation 5 [71].

(5)

With these two parameters defined (τ) and (γ) viscosity
of diluted suspensions like water can be determined, as ex-
pressed in Equation 8 [71]. For more complex suspensions,
other  parameters  are  considered  in  order  to  calculate
viscosity, wherein additional mathematical models are used.

(8)

The  viscosity  of  suspensions  can  be  affected  by
parameters as chemical composition, temperature, pressing,
shear  rate,  and  electric  and  magnetic  field.  Among  these
parameters, the most important based on rheological view is
the  shear  rate  (γ).  The  graphical  representation  of  shear
stress  (τ)  x  shear  rate  (γ)  is  a  flow  curve  [71].

Fig.  (12).  Rheology  of  ceramic  suspensions.  In  (a)  flow  curve
composed by up and down curves; structure of suspensions while
(b) static and (c) under shearing [72].

4.5. Flow Curves
The  flow  curves  are  used  in  the  studies  of  viscosity

when a fluid or suspension of solid particles is flowing. In
this  concept,  the  flow  behavior  of  suspension  can  be
determinated by variation of  shear  stress  (τ),  or  shear  rate
(γ). In general, the flow plots (Fig. 12) [72] are composed of
two curves, one addressed as up and other as down, which
correspond  to  rising  and  downing  of  shear  rate  (γ)  as

function of time. Based on the flow curves, the rheological
behavior can be classified as Newtonian, Bingham, dilatant,
and shear thinning [71].

4.6. Rheological Models
Newtonian fluids exhibit viscosity independent of shear

rate,  which means the viscosity,  is a proportional constant
between share rate and shear stress (Fig. 12). This kind of
behavior  is  characteristic  of  “pure”  fluids  like  water  and
highly diluted suspensions such as mineral oil and bitumen
[56, 71].

Shear thinning behavior includes decrease in viscosity as
a function of shear stress. Some materials that exhibit this
behavior  are:  shampoo,  inks,  and  syrup.  Some parameters
that can provide shear thinning behavior are break down of
agglomerates  of  particles,  orientation  and  deformation  of
particles, stretching of long polymer chains. If the decrease
in  viscosity  depends  on  time,  the  fluid  is  characterized  as
thixotropic [56, 71].

Dilatant  behaviour  means  that  viscosity  increases  as  a
function  of  shear  rate  increase.  Most  suspensions  do  not
exhibit shear thickening flow, but shear thickening can give
rise  to  highly  stable  concentrated  suspensions,  as  well  as
with those based on dispersed particles in medium wherein
aids  are  used.  In  this  case,  particles  are  separated  by  thin
liquid  film.  To  provide  displacement  of  particles  through
suspension a liquid between particles is necessary and this
gives rise to only low shear rate. For high shear rate, the thin
liquid layer is not enough to lubricate particle surface and as
a  consequence  viscosity  increases.  For  suspensions  with
plasticizers  this  aid  fills  all  voids  between  particles  and
lubricates their surface. During sharing, suspension behavior
is analogue with those described previously. If the increase
of  viscosity  depends  on  time,  the  fluid  is  characterized  as
rheopectic [56, 71].

Bingham fluids include systems in which flow behavior
depends  on  an  external  force  which  presents  a  minimum
tension  to  provide  flowing.  Apart  from  this,  the  fluid  can
present  one  or  more  rheological  behaviours  (Fig.  13)  [56,
71].

Fig. (13). Representation of rheological behavior of fluids. In (a)
flow curves and (b) viscosity curves.
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Table 4. Main rheological models.

Modelo Equação

Newton

Bingham

Ostwald - de - Waele

Herschel-Bulkley

Casson

Casson modificado

Ellis

Herschel-Bulkley modificado

Séries de Potência

Cross

Carreau

K1, K2, K3, n1 e n2 are arbitrary constants and power index which are determined by
experimental data.

Suspensions  used  in  industry  can  exhibit  one  or  more
rheological behaviours as a function of shear stress applied,
processing and materials condition. Based on this concept,
mathematical  models  (Table  4)  were  proposed  in  order  to
describe  rheological  behaviours  of  suspensions  by
mathematical  fit.

Colloidal processing aims to consolidate suspensions in
green bodies with homogeneous shape and dimensions. The
as shaped body must exhibit minimum mechanical strength
in  order  to  be  handled  without  shape  deformation  or
cracking. Several shaping methods have been developed to
produce  ceramic  components  of  varying  shape,  size,  and
microstructure.  For  this  purpose,  the  rheological  charac-
teristics of suspensions must be controlled for each shaping
method.

4.7.  Fitting  the  Structure  of  Ceramic  Suspension  for
Shaping

The way how particles are in suspension, which means
the  condition  of  dispersion  (high,  medium,  low),  affect
directly the viscosity of suspension, and as a consequence its
flow behavior. Therefore, the requirements for stabilization
of  a  ceramic  suspension  depend  on  the  shaping  process
chosen.

Even  though  many  effective  synthesis  methods  have
been  proposed  for  the  production  of  rare  earth  materials,
there are few studies about stabilization of RE particles in
suspension.  Studies  about  rheology  of  rare  earth  systems
studies are quite rare. The lack of investigations concerting
rheology of RE might be due to the rheological evaluation.
To  perform  a  rheology  study  is  necessary  a  substantial

quantity  of  material  to  prepare  suspensions  (samples).
Besides, RE are still high cost materials, which in economic
terms complex their use in great quantity.

Many process are used to shape ceramic materials from
suspensions with low, medium and high solids load such as,
slip casting [73], tape casting [74], pressure filtration [75],
osmotic consolidation [76], three-dimensional printing [77],
centrifugal  consolidation  [78],  aqueous  injection  molding
[79],  gel-casting  [80],  direct  coagulation  casting  [81],
extrusion [82], electrophoretic deposition [83], replica [84],
dip  coating  [85],  and  spray  drying  [86].  Each  of  these
processes  is  under  different  tension  and for  each  situation
suspensions have to  exhibit  specific  characteristics,  which
are dependent on materials characteristics as, size and shape
of particles, dispersing, density, and temperature. According
to this  idea these are specific parameters for  each shaping
process:  stability  and  rheology  of  ceramic  suspensions,
temperature, drying, shape and dimensions of the as shaped
material.  Table  5  summarizes  the  shaping  methods  from
colloidal suspensions.
Table  5.  Summary  consolidation  of  particles  by  shaping
methods.

Shaping Method Description

Slip casting Suspension flows into porous template driven by
capillary forces

Tape casting Suspension flows through a doctor blade on a
flat surface.

Pressure filtration Suspension flows through a porous filter driven
by an applied pressure

Osmotic consolidation Suspension flows through a semipermeable
membrane driven by osmotic pressure difference

3D printing Colloidal gel is formed as a result of
flocculation of particles

Centrifugal
consolidation

Suspension flows due to applied gravitational
force

Aqueous injection
molding

Colloidal gel is formed as a function of
temperature change

Gelcasting Chemical reaction leads to formation of a cross-
linked organic network

Direct coagulation
casting

Colloidal gel is formed by flocculation of
particles

Extrusion Suspension flows through a shaped opening in a
die by a ram pressure.

Electrophoretic
deposition Particles flow as a result of applied electric field

Replica Suspension flows through a reticulated template
by immersion

Dip coating Suspension flows driven by substrate immersion
speed as well as its withdrawing

Spray drying Suspension flows like droplets driven by pump

Table 6 lists some approaches on colloidal processing of
rare earth based materials, in which essential parameters for
rheology  of  suspensions  as  solids  load  (particles),  pH  of
medium, dispersant dosage, and binder are presented.
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Table 6. Processing parameters used to prepare stable RE suspensions by shaping process.

Process Suspension Vol.% pH Dispersant (wt.%) Binder (wt.%) Ref.

Replica

Y2Si2O7:Dy 25% 10.0 2.0%PAA 0.4%CMC [43]
CeO2:Ga 40% 7.0 5.0%PVA 5.0%PEG [79]
RE2O3 25% 10.0 1.0%PAA 0.2%CMC [41]
Y2O3 20% 10.0 - - [92]
Y2O3 30% 10.0 1.0%PAA 0.3%CMC [93]

Y2O3:SiO2 25% 11.0 2.0%PAA - [94]
CeO2:Yb - - - - [95]

Slip casting

Y2O3:Al2O3 86% 10.0 1.5%PAA (-) [96]
Y2O3:Ce 40% 9-11 2.0%PAA (-) [97]

Y2O3 30% 10.0 1.5%PMAA (-) [98]
Y2O3:Al2O3 20% 7-8 0.1%PAA 0.5%PEG [99]
Lu2O3:Eu 10% 9-10 1%PAA (-) [88]

Gelcasting Y2O3 45% (-) 1.45%PAA (-) [100]
Hot pressing Al2O3: (Nd,Eu,Er) 45% (-) (-) PMAA (-) [101]

Dip coating SrAl2O4:Eu2+;Dy3+ - - 3%APTMS - [102]

Tape casting

CeO2:Ga 28% (-) 0.94% Acidic affine 0.89%PVP [89]
La0.9Sr0.1Ga0.8Mg0.8O3-δ (LSGM) - - 1.0% glycerol - [103]

Ce0.9Gd0.1O1.95 - - - - [104]
Ref: reference; vol.%: volume percentage in volume of particles; CMC: Carboxymethylcellulose; PAA: Ammonium polyacrylic acid; PMAA: Ammonium polymethacrylate; PVA:
Polyacrylic vinyl alcohol; PEG: Polyethylene Glycol; PVP: Polyvinylpyrrolidone; APTMS: (3-aminopropyl) trimethoxylane; - not reported/used;

Santos  et  al.  [43]  prepared  dysprosium  doped  yttrium
disilicate  (Y2Si2O7:Dy)  suspensions  with  shear  thinning
behaviour  using  2  wt.%  of  dispersant  and  pH  of  10  for
replica. Fu et al. [87] reported that gadolinium doped ceria
(CeO2:Ga)  suspensions  with  40  vol.%  of  solids  could  be
stabilized  using  5  wt.%  of  dispersant  and  pH  of  7  for
shaping  by  replica.  Dulina  et  al.  [88]  evaluated  the
effectiveness  of  three  distinct  dispersants,  wherein  it  was
found  out  that  the  use  of  1  wt.%.  of  Dolapix  CE  64  in
alkaline pH range was effective to obtain suspensions with
low viscosity for gel-casting. Marani et al. [89] achieved a
suitable  rheological  condition  for  tape  casting  of  CeO2:Ga
suspensions  by  using  0.94% of  acidic  affine  as  dispersing
agent and 0.89% PVP as plasticizer.

Even  though  diverse  shaping  process  have  been
developed  and  improved,  it  is  evident  that  many  studies
need to be performed in colloidal processing of rare earths
with  the  aim  to  define  suitable  parameters  for  shaping.
Among  shaping  processes,  bio-prototyping  a  new  desig-
nation of replica method [90] is very promising, seeing that
it  is  possible  to  produce  samples  with  complex  shape,
including  low  cost  [91].

4.8.  Shaping  Materials  from  Suspensions  -  Replica
Method

Replica  method  proposed  by  Schwartzwalder  [90]
consists  basically  in  inserting-taking  out  a  template  (in
nature or synthetic) in a suspension containing the material
that is desired to shape. Considering suspension stability and
liquid  medium,  the  solid  particles  are  impregnated  in

template  surface  after  immersion.  The  as  impregnated
template  is  subjected  to  the  drying  process,  followed  by
calcination (to burn out template structure and others aids)
and finally by sintering to enhance physical bond between
particles  and  as  a  consequence,  improving  mechanical
strength  of  the  final  material.  The  main  advantage  of  this
process  consists  in  the  possibility  of  using  any  kind  of
material  dispersed  in  suspension  [105].

Polymeric  sponge,  carbon  sponge,  and  other  synthetic
fibres  have  been  used  as  replica  template  (Table  6).
Polymeric sponge is still the most used, due to the control of
porous size, reproducibility, availability, low price, as well
as  consolidated  knowledge  of  this  material.  With  rising
concern about development of process and components with
low  environmental  impact,  there  is  a  great  effort  to
substitute synthetic materials for vegetable structures from
biodiversity. In addition, contributions have been presented
in  order  to  improve  replica  process  such  as,  rheological
studies on ceramic [105];  double impregnation to enhance
thickness  of  samples  [106];  inserting  of  fibres  or  aids  to
enhance mechanical strength [107]; evaluation of thermal de
decomposition of replica templates [65].

Our  search  group  has  reported  approaches  on  the
development of advanced materials by replica method using
renewable  materials  [40-43,  84,  92].  Yttria  nettings  with
homogeneous void shape were produced using wood based
netting  as  template  [40].  Biomorphic  burners  with  ther-
moluminescence  response  based  on  dysprosium  doped
yttrium  disilicate  were  formed  from  Luffa  Cylindrica
vegetable sponge [43]. Yttria micro rods with dense micro-
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Fig. (14). Representation of replica method from colloidal suspensions.

Table 6. Materials used as template for replica method.

Reference Template Suspension
[108]

Polymeric sponge

Al2O3

[109] ZrO2

[110] Si3N4

[111] TiO2

[112] SiC
[113]

Carbon sponge
ZrO2

[114] SiC
[115] SiO2

[116]
Wood

TiO2

[117] Al2O3

[118] SiC
[119]

Coral
Si3N4

[120] MgO
[121] Hydroxyapatite
[40]

Cotton

Y2O3

[122] Y2O3:TR

[123] Al2O3

[42]

Vegetable sponge

Y2Si2O7

[124] Clay
[43] Y2Si2O7:Dy

[41] RE2O3

[92] Wheat starch Y2O3:Eu

structure  and electron paramagnetic  response were shaped
from wheat starch templates [92].
4.9. Drying Behavior and Sintering of Green Bodies

Drying  behavior  of  the  as  shaped  bodies  addressed  as
green bodies is a complex step into ceramic processing. The
process  of  removing  liquid  phase  (fluid)  comprehends
distinct  drying  phenomenon  as,  capillary  driven  flow,
viscous  deformation,  evaporation,  and  diffusion.

Dimensional heterogeneities, including segregation and
cracking are common failures during drying stage [125]. In
general, drying behavior consists in three stages as follows:
(1) constant rate period (CRP), (2) first  falling-rate period

(FRP1), and (3) second falling-period (FRP2). At CRP, by
capillary-driven  transport  the  fluid  is  supplied  to  external
surface of the component. At FRP1, evaporation takes place
from the fluid meniscus, which turns fluid to retrain into the
component body. At FRP2, the remaining fluid is removed
from the component body via vapour-phase diffusion [53].

To achieve high packing of particles during drying, two
aspects  have  to  be  considered;  dispersion  of  particles
through an effective dispersing method, and control of the
compressive  flow  behavior  of  particle  network  applied  to
drying  stress  to  induce  the  most  suitable  consolidation  of
particles.

The microstructure of the component is a consequence
of rheological behavior of suspension, drying behaviour of
particle compact and thermal treatment condition of the as
shaped body.  Thermal treatment  aims to enhance physical
bond  between  consolidated  particles,  which  means
densification.

Densification model of a powder compact is illustrated
in  Fig.  (15)  [126].  Firstly,  neck  growth  dominates  mass
transport  between  particles  by  grain  boundary  diffusion
(Fig.  15b)  i.e.  particle  mass  diffuses  along  the  grain
boundary to the surface to form a neck and as a consequence
produces  shrinkage  (b1-b2).  The  smaller  grain  donates  its
mass to the larger one, which reduces the surface to volume
ratio.  Furthermore,  although  neck  growth  ceases  the  two
sintered  grains  can  reduce  their  free  energy  if  the  grain
boundary  moves  through the  smaller  grain  and disappears
(b2-  b3  and  b3-b4).  According  to  Kellet  et  al.  [127],  it  is
achieved via coarsening where the energy barrier for grain
boundary  motion  is  zero.  In  the  case  where  the  smaller
particle  is  between  two  larger  ones  (Fig.  15c)  the  same
sequential mass transport occurs i.e. sintering (c1-c2)> grain
boundary diffusion (c2-c3) > sintering (c3-c4). In addition, the
two  larger  grains  touch  one  another  (c3),  initiate  grain
growth  and  reinitiate  shrinkage  (c3-c4).

Fig.  (16a)  shows  optical  image  of  biomorphic
dysprosium-yttria sample produced by bio-prototyping [41].
It  is  seen  that  the  sample  is  constituted  by  reticulated
architecture like the vegetable template (Fig. 16b). Sintering
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Fig. (15). Densification model of a powder compact by (a) two touching particles and (b) two larger particles sandwiching a smaller particle.

Fig. (16). Development of biomorphic ceramics by bio-prototyping. In (a) optical image of dysprosium-yttria sample sintered at 1600°C for
2 h in air; (b) ceramic reticulated architecture exhibiting its hollow structure; (c) SEM image of a strut showing transgranular fracture and
cleavage planes.

at 1600°C for 1h at room atmosphere supplied densification
of  particles,  in  which  samples  presented  pycnometric
density  of  6.03g.cm-3.  Besides,  surface  microstructure  of
struts constitute of grains with size larger than 5 µm (Fig.
16c). As fractured struts revealed transgranular fracture and
cleavage planes.

CONCLUSION
Colloidal  processing  is  relatively  mature,  in  which

excellent  reviews have been reported by Hunter  et  al.  [1],
Moreno [56],  Sigmund et  al.  [70],  and Lange [128].  Even
though  rare  earths  are  special  group  of  elements  used  in
highly  technological  applications,  few  studies  about
colloidal processing of these elements have been reported.
The purpose of this review goes beyond that most of papers
about rare earths have presented. This purpose combines an
overview  about  rare  earths  with  a  set  of  approaches  that
colloidal  processing  provides  to  design,  as  well  as  to

produce  smart  materials  based  on  rare  earths  for  diverse
applications.

Yttria  is  still  the  most  used  rare  earth  host  for
luminescent materials (75%), once it exhibits great chemical
and physical similarity with other rare earth elements. Many
contributions on the synthesis of yttria nano particles have
been  reported,  but  few  works  about  dispersion  of
concentrated suspensions, shaping and sintering of compact
bodies  of  yttria  are  found.  Moreover,  for  other  rare  earth
such  as  europium,  erbium,  dysprosium,  and  cerium  these
studies are rare. Therefore, much information about surface
chemistry of these elements is unclear.

Rheology  of  rare  earth  suspensions  by  means  of  flow
curves,  including  rheological  models  provides  substantial
information on ceramic structure.  The control  of  viscosity
enables to fit suspension structure for any shaping method,
as  well  as  to  form  compact  bodies  with  near  net  shape
characteristics. Besides, viscosity of fluid is determinant in
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diverse  subject  areas  as  biology,  environmental,  food,
chemistry, and aerospace. Thus, rheology investigations on
rare earths are necessary in order to advance in these fields.

Replica method is a useful procedure to produce ceramic
bodies with complex shape by means of coating an organic
template  with  suspension,  followed  by  thermal  treatment.
With advance of colloidal processing, new shaping process
has been proposed as 3D prototyping.

Understanding inter- particle forces of rare earths, how
to control them, the use of rheological models as tools to fit
suspensions  structures  for  shaping  process  will  advance
through new possibilities in related fields such as dosimetry,
photonic,  bio-prototyping,  complex  fluids,  and  general
nanotechnology.
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