J. Ceram. Sci. Tech.,07 [01]1-28 (2016)

DOI: 10.4416/JCST2015-00025

available online at: http://www.ceramic-science.com
© 2016 Goller Verlag

Journal of

Ceramic Science
and Technology

Review

Practical Colloidal Processing of Multication Ceramics

N.S. Bell1, T.C. Monson?2, C. DiAntonio?3, Y. Wu*

1Sandia National Laboratories, 01815 — Advanced
Materials Lab, PO Box 5800 MS1411, Albuquerque, NM 87185 USA
2Sandia National Laboratories, 01124 — Nanoscale Sciences,
PO Box 5800 MS1415, Albuquerque, NM 87185 USA
3Sandia National Laboratories, 02734 — Ferroelectric Neutron Generator and Tube Lifecycle
Engineering, PO Box 5800 MS0958, Albuquerque, NM 87185 USA
#Kazuo Inamori School of Engineering New York State College of Ceramics, Alfred
University, 2 Pine Street, Alfred, NY 148021296, USA

received June 12, 2015; received in revised form August 7, 2015; accepted September 7, 2015

Abstract

The use of colloidal processing principles in the formation of ceramic materials is well appreciated for developing
homogeneous material properties in sintered products, enabling novel forming techniques for porous ceramics or
3D printing, and controlling microstructure to enable optimized material properties. The solution processing of elec-
tronic ceramic materials often involves multiple cationic elements or dopants to affect microstructure and properties.
Material stability must be considered through the steps of colloidal processing to optimize desired component prop-
erties. This review provides strategies for preventing material degradation in particle synthesis, milling processes, and
dispersion, with case studies of consolidation using spark plasma sintering of these systems. The prevention of multi-
cation corrosion in colloidal dispersions can be achieved by utilizing conditions similar to the synthesis environment
or by the development of surface passivation layers. The choice of dispersing surfactants can be related to these surface
states, which are of special importance for nanoparticle systems. A survey of dispersant chemistries related to some
common synthesis conditions is provided for perovskite systems as an example. These principles can be applied to many
colloidal systems related to electronic and optical applications.

Keywords: Colloids, ceramic processing, dispersions, spark plasma sintering

I. Introduction atomic structure, processing parameters, and microstruc-

Ceramic components are one of the oldest manufactured
materials as exemplified by archaeological pottery arti-
facts. In the last two centuries, the advances in ceramic
component production have vastly expanded the applica-
tion of these materials in contemporary life, and especially
in the role of electronic components for energy storage,
transmission, and regulation of power. In many instances
these colloidal systems and processes can be categorized
as ‘advanced ceramics’. They are typically manufactured
from materials with very high purity levels and are sintered
under strictly controlled profiles and conditions, unlike
the more ‘traditional ceramic’ products such as flooring,
wall tile, pottery, china, refractory brick, etc. This results
in specifically tailored microscopic/macroscopic prop-
erties that are critical to the proper performance of the
component in application. The final macroscopic prop-
erties therefore are intimately tied to the chemical com-
position of the material (based on the intrinsic properties),
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ture of the polycrystalline ceramic, as illustrated in Fig. 1.
Overall the final quality of these advanced ceramics is of
grave concern and is typically addressed and maintained
at a high level through colloidal synthesis and processing,
more exact product forming by employing near-net shape
techniques and improved sintering control, predictionand
modeling.

Colloidal synthesis and processing typically requires an
intimate control of solution chemistry and the disper-
sion of particles in aqueous or non-aqueous suspensions,
which can then be formed into the desired shape. The con-
cept requires the control and manipulation of interpar-
ticle forces in the suspension to create a colloidally sta-
ble environment, where ideally every particle is separated
from one another 1. This offers significant advantages that
usually cannot be fully realized in more traditional parti-
cle processing, including reducing inhomogeneities in the
green microstructure by minimizing agglomeration, in-
creasing the packing density and uniformity, and narrow-
ing the pore size distribution 2-4.



2 Journal of Ceramic Science and Technology —N.S. Bell et al.

P4 navantecat wew
e g eTen e

& 4

WO 150 pow

~

b 17 maratecsl et
a Mescem paetn agdarerse
Penree Crmmet T
e v
cowra

partichn

O

Vol. 7, No. 1

I§F vt o i 02" 1 0 -

I 02" =" 2’ fe w1

T
3 i =
e
e

e
iz
i
e’

Fig. 1: Illustration depicting the intimate tie of the chemical composition, atomic structure, processing parameters, and microstructure to the

macroscopic properties of a material.

Colloidal materials can be applied by inkjet printing and
electrophoretic deposition in the form of films, tapes, or
screen-printing in layered approaches 3 ¢. Monolithic
components are formed by methods including injection
molding, gel casting 7, direct coagulation casting, tape-
casting, and robocasting 8. In addition, recent treatments
of colloidal processing of ceramics relate to the novel man-
ufacturing needs of direct deposition in advanced manu-
facturing or in porous material fabrication 9-13. In these
manufacturing processes, it is fundamental to create dis-
persions of particles in liquids, which is a research topic of
several groups 1> 14, 15, The primary advantage of colloidal
ceramic processing is the minimization of microstructural
flaws by creating well-mixed particle systems with uni-
form density 4> 11,

Many electronic components fabricated from oxide
ceramics contain multiple cations either in the crystal
structure or as dopants to alter electronic properties
or microstructure. Applications of ceramics are based
on the functional properties of electroceramics, and in-
clude varistor materials for surge protectors, oxygen and
ion membranes in solid oxide fuel cells (SOFCs) 16,17
charge storage in capacitors, piezoelectric actuators, cat-
alysts 18,19 oxygen membranes 20, gas sensor applica-
tions 21, and ongoing research for many other devices.
These ceramic devices were made possible by vast im-

provements in the ability of experts to fabricate ceramic
materials as powders with controlled composition, purity,
size and shape, and thereafter form and consolidate com-
ponents from these powders with high density and low
flaw population 4> 22-26, When properly combined with a
forming technique, either near-net (slip casting, pressure
casting, freeze casting, gelcasting, etc.) or bulk shape (dry
pressing, isostatic pressing, etc.) and either pressureless or
pressure-driven sintering, colloidal synthesis can produce
dense, complex-shaped components with engineered mi-
crostructures. Control over the final microstructure of a
sintered component requires an intimate connection be-
tween the initial materials and the processing pathway
inherent in the manufacturing method.

New research challenges for ceramic material develop-
mentinclude greater understanding of interfaces and phas-
es in ceramics, prediction and control of heterogeneous
microstructures, finer control over grain size during con-
solidation and densification, and control over the prop-
erties of oxide electronics 27. When colloidal ceramics of
multicomponent oxides are processed, their chemical sta-
bility begins to exhibit paramountimportance, and has on-
ly become more critical as nanosized particle dispersions
are utilized. Some ceramics like alumina or CoO develop
surface hydration reactions that impact processing 28, 29,
The influence of the surface can strongly affect materi-
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al properties, and has shown that the impact of surface
hydration can alter phase stability for many nanoparticle
systems 30-35 Leaching of a component can be a dele-
terious phenomenon, and can create microstructural is-
sues from component segregation and grain growth. For
example, the Ce3* or Y3+ in doped ZrO, milling media
can be leached under acidic conditions 36; 37, Perovskite
ceramics structured as ABO; (A = divalent cations Ca,
Ba, Pb, Sr; B = tetravalent cations Ti, Zr, Nb) experience
these issues in acidic solutions as well. Lead magnesium
niobate, CaTiO3, BaTiO3, and mixed (Ca+Ba)(Ti+Zr)O;
perovskites all exhibit leaching of A site cations in acidic
conditions 38-41, Also, perovskites based on other cations
such as Fe or Mn that exhibit multiple oxidation states can
experience solubility changes due to oxidation or reduc-
tion reactions within the solution. Aluminum-doped ZnO
exhibits environmental sensitivity, reacting with ambient
humidity and CO, gas to form layered carbonate hydrox-
ide hydrates, with loss of desired properties 42. A priori
predictions of cation stability can be difficult to provide
based on the material system, and multicomponent ceram-
ics having several dopants such as ZnO varistor ceramics
with Bi, Mn, Co, and Al dopants must be screened for the
best pH to minimize solubility 43.

The focus of this review is a practical approach to mit-
igating the problems noted in these multicomponent sys-
tems, while maintaining the advantages of the colloidal ap-
proach to ceramic processing. There are related processes
in the five stages of colloidal processing between powder
fabrication, dispersion, processing and consolidation that
influence surface properties such as hydration reactions,
component leaching, and microstructural development 1.
The chemistry for fabricating the desired colloidal phase
is an indicator for methods to maintain the integrity of the
powder during colloidal processing, and thereby provide
the desired elemental distribution for sintering the compo-
nent. By understanding how these effects are interrelated,
the successful realization of advanced materials properties
can be enabled by practitioners of the art.

II. Preparation of Metal Oxide Colloidal Powders

There are numerous approaches to synthesizing elec-
tronic ceramic powders, evolving considerably over ap-
proximately the past 70 years. There are several books dis-
cussing ceramic materials and more specifically electronic
ceramics. We have found the books by Loehman and by
Carter and Norton to be particularly helpful 44, 45. Both
books contain sections on ceramic powder synthesis and
are a good starting point for a survey of different prepara-
tion methods. Our primary focus will be on the low-tem-
perature-solution-based approaches such as sol-gel and
chemical precipitation routes to synthesize these materi-
als. However, there are other viable and mature methods
of producing ceramic powders that should at the very least
be covered briefly.

The very first syntheses of electronic ceramic powders
were through solid state chemistry or what is often re-
ferred to as the mixed oxide route, which is still common-
ly used by manufacturers of metal oxide materials and de-
vices today 4648, This process has fundamental short-
comings in that reacting species must diffuse distances up
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to 105 A, which can make the formation of phase-pure ma-
terials challenging. Mechanical attrition or ball milling has
proven capable of producing nanocrystalline powders but
does require a starting material of the desired phase that
mustbeacquired or produced by another means 49, 0. Ad-
ditionally, contamination from the milling media can be an
issue. Milling can be a helpful processing step for reducing
the size of mixed oxide reagents, increasing their homo-
geneity, and decreasing required diffusion distances. Fur-
thermore, milling can be a helpful post-processing step in
breaking up agglomerates and reducing the particle size of
ceramics synthesized via solid-state reactions and any of
the other techniques discussed below.

The flame synthesis of materials is capable of synthesiz-
ing mixed oxides, metals, and metal salts in nanoparticle
form at high rates (up to 1kg/h at the research laborato-
ry scale). Strobel and Pratsinis put together an excellent
review of flame-made smart nanostructured materials and
do agood job of reviewing existing flame synthesis papers
and previous review articles 1. The broader field of com-
bustion synthesis, which includes flame synthesis, is cov-
ered in a review article written by Patil, Aruna, and Mi-
mani 52. This particular review focuses on solid-state com-
bustion (SSC) and solution combustion (SC) in addition to
pointing the reader toward articles reviewing other com-
bustion synthesis approaches in greater depth.

(1) Chemical solution synthesis routes

Many solution-based syntheses have been developed
over the years for the preparation of electronic ceramic
powders. Quite often, solution-based preparations for
ceramic powders have higher purity and lower flaw pop-
ulations, but can exhibit reactivity at lower temperature.
However, if controlled properly, the higher reactivity
combined with a high surface area can lead to more effi-
cient densification into bulk materials. One route that can
begin with any number of starting solutions and suspen-
sions including aqueous, organic, and even supercritical
CO, solutions and produce porous and nanostructured
materials is controlled freezing and freeze drying 3. Sol-
gel processing as a route to form ceramic powders and
solution-based chemical precipitation will be discussed in
more detail later and will be a large focus in this section of
the review. However, it would be inappropriate to not first
cover solvothermal and hydrothermal synthesis of ceram-
ics and direct the reader to some selected publications and
excellent review articles.

Hydrothermal preparations have been quite effective at
producing a wide variety of phases, shapes, and sizes of
electronic ceramics, particularly the perovskite materi-
als. Commercial hydrothermal syntheses involve water at
pressures ranging between approximately 1 and 1000 bar
and temperature of 100-300 °C 54, Hydrothermal reac-
tions can proceed under autogenous pressure, P, related
to the operating temperature, degree of fill, and stirring,
but also include more exotic approaches which include
hydrothermal electrochemical, sonochemical, and mi-
crowave syntheses 4. The research community as whole
has been exceptionally prolific in developing and pub-
lishing hydrothermal routes to produce perovskite and
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other ceramics, beginning with a patent issued in 1940
for the synthesis of alkaline earth metal titanates 3>. The
amount of literature available on hydrothermal prepa-
rations of barium titanate alone is almost overwhelming
and includes syntheses that produce spherical or cube-
like particles with rounded corners butalso rods and more
exotic shapes that resemble starfish and swords 3>-38.

When you broaden the field slightly to include solvother-
mal routes (where non-aqueous solvents are used in a
relatively similar manner to produce ceramic materials),
the amount of published literature expands even more.
Once again, barium titanate serves as an almost model
system and a number of different solvothermal prepa-
rations have been published 3?-61. The review on the
solvothermal synthesis of perovskites and pyrochlores
written by Modeshia and Walton is particularly insight-
ful 62, Although the focus of the Modeshia and Walton
2010 review is solvothermal syntheses, they summarize a
fair amount of the literature available on the hydrothermal
synthesis of pyrochlores and perovskites, and even go as
far as saying that aqueous solvents may still be required
for the synthesis of materials where high alkalinity is nec-
essary to achieve sufficient concentrations of hydroxide
precursors. When the precursors can be sufficiently sol-
ubilized, Modeshia and Walton argue that in addition
to several other benefits, solvothermal synthesis offers a
route to complex, multi-element materials with hierar-
chical order and the production of novel compositions of
materials not previously possible through conventional
routes.

Although the scientific community has been quite suc-
cessful at developmg hydrothermal and solvothermal
preparations of ceramic materials with fine control over
phase, size, shape, and porosity there remains a large gap
in our understanding of the details of most solution-based
crystal growth. Lencka and Riman have made some signif-
icantinroads into our understanding of the optimal condi-
tions for solvation and crystal growth through their care-
ful study of hydrothermal syntheses. They first proposed
a rigorous thermodynamic model for the hydrothermal
prep of barium and lead titanates, developing phase stabili-
ty diagrams for the reagents and intermediates present dur-
ing perovskite formation 63> 64 Their work progressed to
include other perovskites such as calcium titanate, stron-
tium zirconate, PZT, and sodium and potassium bismuth
titanates 65-68. The Lencka-Riman thermodynamic mod-
el is gaining broader recognition and is being applied by
other chemists. In fact, a group at Huazhong University
of Science and Technology used the Lencka-Riman model
to design and optimize synthesis for KNbOj and carry
out powder preparation ©7.

Many electronic applications require dopant populations
that are non-stoichiometric or non-equilibrium phases,
and rigorous thermodynamic models for their synthesis
and the stability of their precursors in solution are not
yet attainable. In many of these cases, sol-gel or chemical
precipitation routes allow for better compositional con-
trol. Sol-gel science originally focused on the synthesis
of monolithic ceramics and glasses, films, and fibers but
the understanding developed in processing these materi-
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als was instrumental in developing sol-gel routes for pow-
der synthesis. The literature available on sol-gel science
is enormous and a complete review is not possible here.
In 1987, Roy published a solid review of sol-gel science
used in the production of ceramics 79. Messing and Mine-
han have an extensive publication record in this field and
their 1991 review describes the development of sol-gel sci-
ence and its application to powder synthesis 71. Most of
the early sol-gel routes (and still a significant percentage of
the newer approaches as well) to produce ceramic powders
used metal alkoxides as reagents. Mazdiyasni pioneered
the alkoxide sol-gel path to ceramic powders during the
1960s and 1970s and applied this method to fabricate a
broad set of materials 72.

Opver time, modifications were made to the alkoxide
based sol-gel route to synthesize an increasingly broad
set of materials. For example, the stearic acid sol-gel route
yielded high-purity homogeneous nanopowders at a low
processing temperature 73-73. Other researchers devel-
oped sol-gel syntheses that used acetylacetonate precur-
sors and included poly(vinyl alcohol), or PVA, and still
another approach used metal nitrate reagents combined
with citric acid and glycol 76,77, A related route to pro-
duce ceramic powders is the precipitation or coprecipi-
tation synthesis method. In a coprecipitation synthesis,
reagents are stabilized in solution (often under acidic con-
ditions) and are then simultaneously precipitated (quite
often through a rapid increase in pH) to produce an amor-
phous and homogeneous powder of carbonates, citrates,
or hydroxides 78-81. In some cases, the distinction be-
tween sol-gel and chemical precipitation routes can be-
come blurred, particularly in more modern approaches
where ceramic nanoparticles are nucleated and grown in
solution and sometimes through the careful use of stabi-
lizing ligands, remain suspended in colloidal solution for
extended periods 82-87,

As with other synthesis approaches, sol-gel routes are
sensitive to reagent and processing choices, which affect
hydrolysis rates and impact particle properties such as
shape and size, and state of aggregation. Both TiO, and
BaTiOj3 can be formed readily, but the solvent and reac-
tant decisions can lead to varying products. In 2002, Os-
kam and coworkers used a modified sol-gel preparation in
water for titania synthesis, with nitric acid as a catalyst 88.
The reaction proceeds via the two-step hydrolysis of ti-
tanium isopropoxide and subsequent condensation of the
hydrolysis products with a high yield of TiO, particles.
However, these particles demonstrate both irregular shape
and agglomeration, as can be seen in a TEM image of par-
ticles in Fig. 2a. Use of isopropanol as both a solvent and
a ligand slowed the reaction rate between water and tita-
nium isopropoxide, by allowing for ligand exchange and
the formation of clusters of primary alkoxides and titani-
um 84, This results in TiO, nanoparticles with improved
shape and a narrow size distribution (diameters of 4.4 £
1.8 nm) as can be seen in Fig. 2b.

For a number of decades, quite a number of research
groups synthesized barium titanate powders by simul-
taneously hydrolyzing barium and titanium alkoxides,
which is summarized via the reaction below 47> 89, 90,
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Ti(OR);+Ba(OH), = BaTiO; (1)

Small modifications to the titania sol-gel prep discussed
above, including the addition of barium hydroxide as a
reagent, can be used to synthesize crystalline barium ti-
tanate nanoparticles of approximately 10 nm in diameter
at a modest temperature of 80 °C. By using isopropanol
as a solvent and slowly adding water to the reaction (in a
very similar fashion to the TiO, nanoparticle synthesis),
the Baik research group was able to slow the alkoxide-hy-
droxide hydrolysis and condensation sufficiently to form
nanoparticles 86,91, The amount of water added during
the hydrolysis step can move the stable crystalline phase
of the synthesized particles from tetragonal to cubic 86.
After including air-free chemistry preparatory and syn-
thesis techniques and applying more precise control over
the amount of water during the nanoparticle synthesis, a
Ba(OH),x8H,0:H,0O molarratio of 1:60 was determined
as optimal for driving the reaction to completion while
obtaining the largest difference between the ¢ and a-axis
lengths. A TEM image of BaTiO3 nanoparticles synthe-
sized using this Ba(OH),x8H,0:H,0 ratio is shown in
Fig. 2¢. Sandia researchers have also demonstrated that by
partial substitution of the barium hydroxide octahydrate
with strontium hydroxide, nanoparticles of the solid-solu-
tion Ba,Sry_, TiO3 (BST) can be synthesized with no other
modifications. The same synthesis can be performed with
very similar results (except for a noticeable change in par-
ticle dispersion and solution stability) using ethanol rather
than isopropanol. By changing the alcohol, the surfactant
bound to the barium titanate nanoparticle surface would
also change since the alcohol acts as both a solvent and a
ligand. The change in dispersion of the particles is readily
apparent in the TEM of the BaTiO3 nanoparticles synthe-
sized in ethanol (see Fig. 2d and compare to Fig. 2¢).

50 nm e 100 nm
Fig. 2: TEM comparison of processing routes for TiO, and BaTiO4
nanoparticles.

(2) Chemical precipitation of ceramics

The chemical preparation of ceramics developed out of
the need for large-volume sources of high-purity materi-
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als. High-temperature calcination of powder mixtures of
carbonates and oxides to produce ceramic powders result
in grain growth and porous particle production, with a re-
sulting need to mill powders to a lower particle size for
component pressing or colloidal processing. These meth-
ods tend to be energy-intensive, and as mentioned previ-
ously, impartimpurities from the media used in the milling
operations, often having a deleterious effect on electron-
ic properties. Chemical precipitation or co-precipitation
routes also offer opportunities to exert control over par-
ticle size, shape and distribution of elements by succes-
sive coating reactions to form core-shell topologies, and
in some cases lead directly to dispersions for the next stage
in powder preparation.

As discussed in the previous section, chemical precipita-
tion strategies tend to operate with the goal of creating ele-
mental mixtures on the atomic level in solutions, followed
by rapid precipitation of a compound precursor by addi-
tion of the desired reactant 22-25. A specific example is the
oxalate precipitation route, in which metal cations are uni-
formly dissolved in acidic conditions in the first solution,
whileareactantsolution of oxalicacid isused as the precip-
itant 92-102 Precipitation is based on the solubility prod-
uct reaction (as written for divalent cations):

MGC,CO4 = M2* + C,02 (aq)
[M24][C,0% (aq)] 2)
[MC,COx]

A homogeneous supersaturated solution of desired metal
cations for the final oxide can be prepared in acidic media
using chloride or nitrate precursor salts, and precipitation
initiated by rapidly adding a second solution of oxalic acid
under high shear conditions. Rapid mixing of the two solu-
tions leads to precipitation of a mixed metal oxalate, which
can be calcined into a uniform oxide powder at tempera-
tures low enough to avoid grain growth or sintering. Ta-
ble 1 presents available values of the solubility product for
several oxalate compounds, and in many cases, the solu-
bility product K, of the reaction is very low. This means
mixed cations in ﬁomogeneous solution will rapidly react
with oxalate ions to form solid particles. There are excep-
tions, such as magnesium or thallium, and other elements
such as silicon and vanadium, that do not form insoluble
oxalate compounds. These materials are more suitable for
production via sol-gel chemistry or other chemical routes.
Nevertheless, oxalate precipitation is a highly flexible and
efficient route to large-scale ceramic production.

Kop=

Solution chemistry must still be considered in these pro-
cedures, and care given to the precursor materials and use
of additives. Therefore, pH effects can impact the precip-
itate phase during the reaction, and affect size or shape
properties. In addition, the cation hydrolysis reactions are
also affected by pH, and affect the speciation and hydrox-
ide solubility limit of the materials. For this reason, non-
aqueous solvents are also used with the oxalate co-precipi-
tation route 103-105 More detailed description of any par-
ticular cation hydrolysis reaction can be found in Baes and
Mesmer 106,
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Table 1: Solubility product for metal oxalates in water.
Name Formula pK, K
Barium Oxalate BaC,0, 6.79 1.6 x 107
Calcium Oxalate Hydrate CaC,0,4.H,0 8.63 2.32x 107
Cerium Oxalate Nonahydrate Ce,(C,04)3-9H,0 25.50 3.2x10-26
Copper Oxalate CuC,0, 9.35 4.43 x 10-10
Gold (IIT) Oxalate Auy(C,04)3 10 1x10-10
Iron Oxalate Dihydrate FeC,0,-2H,0 6.5 3.2x107
Lanthanum Oxalate Nonahydrate La,(C,04);5-9H,O 26.60 2.5% 1027
Lead Oxalate Pb C,0, 9.32 4.8x10-10
Magnesium Oxalate Dihydrate MgC,0,4-2H,0 5.32 4.83 x 1076
Manganese Oxalate Dihydrate MnC,0, 2H,0 6.77 1.70 x 107
Mercury (I) Oxalate Hg, C,04 12.76 1.75x 10-13
Nickel Oxalate NiC,04 9.4 4x10-10
Silver Oxalate Ag,C,0, 11.27 5.40 x 10-12
Strontium Oxalate Hydrate SrC,0,H,0 6.80 1.6 x 1077
Thallium (I) Oxalate T1,C,04 3.7 2x 10
Thorium Oxalate Th(C,0y4), 22 1x10-22
Yttrium Oxalate Y,(Cy04);3 28.28 5.3 x10-29
Zinc Oxalate Dihydrate ZnC,04-2H,0 8.86 1.38 x 109

For example, the non-ohmic ZnO-based ceramics have
been widely used as varistors for voltage stabilization and
transient surge suppression in electronic circuits and elec-
tric power systems since the late 1960s. This type of varis-
tor 1s a ceramic semiconductor based on zinc oxide, ZnO,
and various dopantelements resulting ina component hav-
inga highly nonlinear current-voltage relationship 107, 108,
The varistors typically contained >98.4 mol% of zinc ox-
ide with the additives of bismuth oxide along with oxides
of cobaltand/or manganese. Synthesis of the powder was a
three-stage process, with the first stage generating Co-Mn-
Aldopedzincite powder. Aqueous chloridesalts of Zn, Co,
Mn, and Alare combined and diluted to a specified volume.
A hydrous oxide co-precipitate is formed by means of the
rapid addition of a concentrated aqueous NaOH solution.
After two minutes, a saturated, aqueous solution of oxalic
acid (heated to ~ 50 °C) is added to convert the co-precipi-

tate to its corresponding metal oxalates. The slurry is con-
tinuously stirred until the pH reaches 8.0, at which time it
is pumped into filter funnels, washed with deionized wa-
ter, and then acetone. The dried cake is calcined at 600 °C
to convert the oxalates to oxides. For stage two, a bismuth
nitrate solution is added to an aqueous slurry of the zincite
powder, mixed for a short period of time, filtered, washed,
and then calcined to convert the bismuth nitrate to bismuth
oxide. The final stage involves the addition of a sodium ox-
alate solution to an aqueous slurry of the Bi-doped zincite
powder. Theresulting slurry is freeze-dried to prevent seg-
regation of the Na, and then calcined to generate the final
powder. Fig. 3 provides a high-level flow chart of the syn-
thesis procedure. The SEM images, shown in Fig. 4, pro-
vide the approximate particle size and morphology of the
final ZnO-based varistor powder as synthesized following
this process.
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Chloride Salts
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Oxide

Sodium Oxalate

Sodium doped Oxide

Zn0-based Varistor Powder

Fig. 3 : High-level flow chart of the synthesis process for chemically prepared ZnO-based varistor powder.

)

III. Milling Processes

Milling operations are required for many powders pro-
duced by chemical precipitation routes such as oxalate co-
precipitation, sol-gel powder synthesis followed by cal-
cination, flame combustion synthesis, and the tradition-
al mixed oxide preparation. For manufactured powders

Ve B b 1 um
Fig.4: SEM images of the final chemical precipitated ZnO-based varistor powder.

prepared with a calcination or conversion reaction, there
is often the formation of soft or hard agglomerates. This
leads to the need to break down these larger solids into fine
particle dispersions by energetic milling operations. These
techniques are common over virtually all powder process-
ing industries, ranging among mineral recovery, ceramic
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materials, paper production, and pharmaceuticals. Meth-
odsfor breaking down particles into smaller and more uni-
form size distributions are highly energy intensive, and
can consume up to 70 % of the power requirements of
mineral recovery techniques 109.

Wet milling is energetically more favorable, and can be
promoted by the control of the solution pH to generate
surface charge, or by the addition of dispersants 110-113,
Agglomerate breakup leads to significantly higher number
concentration of particles, and without an effective barri-
er to agglomeration, coagulation is rapid 114. Conditions
for colloidal stability are needed to prevent reagglomera-
tion and allow for greater shear and grinding interactions
to lower particle size. The variation or choice of solvent
and pH is a critical factor in material stability. Chemical-
ly aggressive or corrosive conditions can lead to solubili-
ty of the chemical species from the ceramic. Such process-
es impact microstructural development during consolida-
tion reactions and are best avoided.

There are two processes active in media milling. Deag-
glomeration is the process of breaking up particles in phys-
ical contact, but without strong chemical bonds or neces-
sarily having grain boundaries. Single crystals are not bro-
kenin the deagglomeration stage. Comminution processes
are methods that fracture particles based on three mecha-
nisms:

Table 2: Interfacial properties of known electronic ceramics.

Vol. 7, No. 1

(1) Abrasion occurs when particles experience shear
forces between rotating and moving media. Fine frag-
ments are produced from the parent particle.

(2) Cleavage of a parent particle occurs from compressive
forces, generally operating from slower rates of im-
pact. The resulting particles generally are of the same
particle size, as a fraction of the initial material.

(3) Fracture results from rapid, intense stresses and can
form daughter particles 20—-70 % of the parent parti-
cle size.

Coarse particles are milled based on cleavage and fracture
mechanisms, whereas finer particles experience cleavage
and abrasion by compressive forces and shear in a packed
bed 115, Particle fracture leads to the introduction of new
surface to the solution phase, and reaction with water by
hydration or leaching can produce changes in pH, or re-
quire additional dispersant. The reduction of particle size
by comminution involves the exposure of new surface area
with each fracture or cleavage event. Table 2 compiles ex-
perimental values for surface energy of many oxides, both
in the hydrated and non-hydrated states. The energy input
to the milling process is believed to be related to this new
surface energy, while admittedly highly efficient processes
are far from obtainable.

Material Surface Energy (J/m?2) Hamaker Constant (x10-20 ]) by Lifshitz Theory | Isoelectric
[31, 34, 182, 269—273] Point (IEP)
[139-142,
274, 275]
Hydrous Anhydrous A131 A131 A131 A131
(Water) (Toluene) | (Ethanol) | (Ethylene
Glycol)
BaTiOj (average) 3.69+0.22 | 3.99+0.28 8.0 8.20 10.1 4.44 5-6,6.5[276]
CaTiO; 2.49+0.12 | 2.79£0.13 N/A N/A N/A N/A 3-4,
8.1 [176]
PbTiO; 1.97 £0.67 | 1.11£0.23 N/A N/A N/A N/A 5-7[178]
SrTiO; 2.55+0.15 | 2.85+£0.15 4.77 4.47 5.06 2.72 N/A
Si0, ~1 ~0.6 0.46 0.203 5.17 3.14 <3
TiO, 1.29+£0.08 | 2.22 £0.07 5.35 5.01 5.58 2.64 5.1-6.4
Al,O, 0.4 2.0 3.67 4.93 4.17 5.14 6-9.9
Fe;O4 (Magnetite) 0.80 £ 0.05 N/A 3.3 0.9 1.53 2.39 6.5-6.9[277]
y-Fe,O3 (Maghemite) | 0.58 £0.2 0.6+0.2 3.6 1.8 1.98 1.26 6.6
a-Fe,O5 (Hematite) | 0.75£0.16 N/A 3.9 2.9 2.60 1.29 7.6—8.6
CeO, 0.86 £0.02 | 1.16 £0.02 4.1 2.62 3.06 1.48 8.1-8.4
ZnO 1.31+£0.23 | 2.55+£0.07 1.89 1.291 1.70 1.76 8.6-9.2
ZrO; (tetr.) 1.02+0.05 | 1.23 £0.04 7.23 N/A N/A N/A 4-6
3Y or 8Y-Z2r0O, 1.02 £0.05 | 1.32 £0.06 7.23 7.42 7.72 6.06 7
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Stirred media mills can apply greater power and ener-
gy to the milling process 28, 116, 117 Ap attritor mill com-
bines forces of impact, abrasion, and shear during the en-
ergetic collision, flow, and rotation of media and the stir-
ring arms and between particles. The stirring arms gener-
ate (1) impact forces between media, (2) rotational forces
on the media, and (3) tumbling forces as mixing occurs.
Particles are sheared between grinding surfaces of the me-
dia from these multiple motions. Fracture occurs owing to
both compressive and shearing stresses 118. This results in
much shorter times for comminution than ball or vibrato-
ry milling.

Kwade described the efficiency of the comminution pro-
cess as based on the number of stress events and the inten-
sity acting at these stress events 119. The number of stress
events is related to the loading of particles, and grinding
efficiency is noted to increase with the solids loading. The
grinding events will relate to the surface area of the media,
and by extension the media size. The intensity at the stress
event is proportional to the stress energy at the event. This
factor is related to the velocity of the media during mo-
tion, which is maximized at the tip of the stirring arms.
This leads to stress energy (SE) being defined as a function
of the kinetic energy of agitated grinding media with den-
sity oy and size d gy at the tip speed velocity, v.120-123

SEgm = d?;mPGMVV 2GM 3)

This definition allows for relating the effect of media size
and the tip speed of the mill to the development of finer
particle sizes. The product of the stress event and intensi-
ty was reasoned as a good measure of the overall energy
consumption of the mill process. As a result, the specific
energy of the mill is a parameter that can be followed for
determining the milling process.

The specific energy input (SEI) during milling is calculat-
ed via the expression:

_JE(N@-Nodr
ronp—O.SAmGM in kJ/kg 4)

m,V —

The mass of the solid product is 7, the power at times
0 and time 1 is given by Ng and N(z), and the wear of the
grinding media relates to the power input N. Media wear is
an issue in high-energy milling, and values from 2 to 10 %
have been reported based on the intensity of the milling
procedure 117,118,124 Specific energy is proportional to
the product of the total number of stress events, the stress
number SN, and the stress energy SE, the energy trans-
ferred to a product particle. Stenger showed that identi-
cal comminution results are obtained if two of the three
parameters — specific energy, number of stress events, and
stress energy —are equal 117,

(3) Chemically aided milling

Aqueous processing is driven by environmental con-
cerns, and as a result the role of interfacial reactions on
particle surfaces in water is more prominent. The devel-
opment of high particle concentration, surface reactions
that deleteriously impact dispersion stability, shear-in-
duced agglomeration, gelation, or aging can all prevent ap-
plication of the dispersion to manufacturing operations.
The need to maintain material stability under the energet-
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ic milling operations has led to consideration of the chem-
ical stability of particle interfaces 125. Strategies that con-
sider surface reactions are employed to prevent dopant or
component leaching, and suppress the formation of new
phases. Chemically aided milling is an attempt to pre-
vent surface reactions while inducing colloidal stability
in a dynamically milled system, and is also termed the
“passivation-dispersion” approach 125. Chemically aided
milling considers two problems insslip preparation: (a) sur-
face passivation to prevent solubilization of species during
milling, and (b) control over solution conditions such as
pH and dispersant concentration.

A passivating agent is any solution additive that pro-
motes surface or interfacial stability, and is thus either a
surface-active agent or forms surface-precipitate layers. It
can have the additional synergistic effects of increasing
surface potential, promoting efficient wetting, lowering
solubility at the desired pH, or promote the adsorption
of a stabilizing surfactant. This passivation-dispersion ap-
proach should minimize energy and time to produce sta-
ble, high-solids loading aqueous dispersions of electron-
ic ceramics. Many water soluble ions can be passivated
with sparingly soluble salts, similarly to the oxalate pro-
cess for preparing the mixed oxide powder. In practice, the
formation of new surface phases as particle surface area is
increased requires the dynamic monitoring of the milled
solution and the addition of surface passivants and dis-
persing agents during the process. For any specific surface
area, there are optimal concentrations of passivantand dis-
persant. The solution is monitored to correct for changes
in pH, conductivity, or dispersant concentration to main-
tain optimal conditions for dispersion and interfacial sta-
bility. Excess passivant can lead to the formation of sec-
ondary phases. Clearly, the strategies of chemical prepa-
ration methods such as the oxalate co-precipitation route
align with the conceptfor oxalateion use in chemically aid-
ed milling.

IV. Interaction Energy Calculations in Colloidal Pro-
cessing

The second component of practical processing of mul-
tication ceramics is the dispersion stability of the multi-
cation oxide particles. In colloidal theory, there are many
textbooks and reviews for the generation of dispersed sys-
tems and control over rheological properties 126. The prin-
ciples of colloidal stabilization are based on the summation
of the interactions between particles, and the generation of
an interaction energy diagram between two ideal particles.
These consist of the ubiquitous Van der Waals attraction,
and any repulsive forces based on surface potential and/or
the adsorption of polymer layers (uncharged or charged).
Free or unadsorbed polymers can lead to either attractive
or repulsive interactions as depletion interactions, and de-
tails are given in other reviews 14.

(1) Van der Waals attraction

For identical particles (composition and crystal struc-
ture) in a fluid, there will always be an attractive inter-
action related to the electronic dipole interactions of the
atomic structure of the system. This incorporates the per-
manentand induced dipolar interactions (London, van der
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Waals, and dispersion forces) related to the polarization of
the electron cloud of one atom with another. These prop-
erties of the materials can be summarized into a single term
known as the Hamaker constant A7127, which is used for
relating the attractive forces between identical particles of
radius R with the following equation 126,

V,aw(H) =% )

where surface-to-surface distance is represented by H.
This expression does not account for retardation or
screening effects, which reduce van der Waals attraction
more rapidly than the expression accounts for, and de-
tails can be found in Isrealachvili for corrections 127, This
expression serves under the conditions that separations
distances are close, less than 10 nm.

The Hamaker constant serves as a proxy for the propen-
sity of the particles to aggregate, and a high value for the
Hamaker constant suggests that particles will flocculate
rapidly to form fractal aggregates, whereas small values
of A are expected to trend toward facile dispersion, and
sedimentation into high-packing-density compacts. There
are several reviews of the calculation of Hamaker con-
stants from varying types of measurements, including op-
tical constants and surface wetting measurements 128136,
Table 2 presents a collection of the calculated Hamaker
constants for several typical electronic ceramics used in the
fields of dielectric materials, solid oxide fuel cells, and op-
to-electronic ceramics. The values presented assume the
powder is present in the listed fluid phase. Not all mate-
rials have available parameters for calculation at present.

The van der Waals interaction forces are inversely related
to the separation distance as 1/H, and in any case show that
arepulsive interaction is needed to create a stable colloidal
system. The depth of the attractive force is generally re-
lated to the thermal energy of the system, and separation
of particles to a level of 1-2 kT is often taken as suitable
for a well-dispersed system to be developed. However, of-
ten the solids loading desired in the system requires parti-
cles toavoid attraction at very close distances. The summa-
tion of interaction forces leads to a varying profile between
particles, and can create optimal separation distances 8, in
which particles have low or zero interaction energy, there-
by approximating a system in which particles behave as
“hard spheres”.

The separation distance establishing this control over
macroscopic rheology impacts the effective volume frac-
tion of the particles, ¢, expressed as follows.

o =0(147 ) ©)

The effective volume fraction becomes most significant
in the dispersion of nanoparticle systems, in which the
dispersion distance can be an appreciable fraction of the
particle separation distance. Kamiuya and Iijima provide

greater discussion of this point for the interested read-
137
er 137,

V. Surface Chemistry and Aqueous Stability of Multi-
component Ceramics

Metal oxides can be characterized by the pH at which sur-
face charge is negligible, known electrokinetically as the
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“isoelectric point” or IEP, or as variations in the “point
of zero charge”, which has three conventions: the point
of zero net proton charge (PZNPC), the point of zero net
charge (PZNC) where intrinsic surface charge is zero, and
the PZC, where the net total particle charge is zero 138.
The PZC or isoelectric point of the powder is common-
ly avoided in milling, as undispersed materials would pre-
vent the grinding operations. Kosmulski has compiled and
evaluated data on the point of zero charge (PZC) for met-
al oxides, with average values given in Table 1 139-142_ A
solution pH far from this value will either generate posi-
tive charge in acidic conditions, or negative charge in basic
conditions, sufficient to create electrostatic repulsion. The
PZC or the IEP of a solid (and its charging mechanism in
solution) will play a strong role in the adsorption mecha-
nism of any surfactant, and in any competition for the sur-
face with other components of the dispersion.

It is relevant therefore to determine charging behavior
or the variation in zeta potential with pH for any disper-
sion strategy to be successful. Trends in PZC related to ion
valence were also compiled by Kosmulski 139, showing a
rough correlation between valence and PZC. In general,
low-valence oxides have more basic or neutral PZC, and
the PZC becomes more acidic as valence increases. How-
ever, there is still a wide range reported for metal oxides
with valence of 4, having PZC values ranging from 2 to 9.
Usually the PZC of mixed oxides changes linearly from
the PZC of one component to the other. As an example,
perovskite oxides can develop either acidic or basic surface
properties based on composition and reaction with surface
water 143, 144,

The stability of a nanoparticle suspension is affected by
many surface-solution interactions 45, but a sufficiently
high surface or zeta potential would conceivably stabilize a
nanoparticle dispersion by electrostatics alone. Achieving
the maximum value of the zeta potential for nanoparticles
would be an obvious goal for creating stable systems. Yet,
charge development and electrostatic surface potential for
nanoparticle systems remain a topic of conflicting discus-
sion. Liu, Chen and Su stated that TiO, nanoparticle sta-
bility was influenced by the presence of impurities, more
so than the particle size or crystal phase 146. Fazio et al.
tested commercial and aerogel-produced TiO, nanopar-
ticles, finding point of zero charge values roughly in line
with published values 147. Wang er al. claimed that met-
al oxide nanoparticles could shift their IEP by as much as
3 pH units as solids loading is increased 148. Their expla-
nation is that dissolved CO, forms bicarbonate ions, af-
fecting the surface charge for low loadings of nanoparti-
cles. Bulk behavior is found when solids content is raised.
Yet, Jailani et al. examined the effect of nanoparticle size
and solidsloading upon zeta potential of alumina particles,
and determined that the increased surface area of the pow-
der resulted in greater electrolyte levels, leading to lower
zeta potential values based on electrostatic screening 149.
Nanoparticles exhibit greater complexity in their surface
charging behavior, which requires careful consideration of
the model used to interpret measured data.

The electric double layer (EDL) arises from the interac-
tion of thermal forces and the presence of an electric charge
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at an interface. A charged surface (or particle) in an elec-
trolyte solution forms a diffuse layer of ions, and a con-
densed layer of counterions at the surface. The condensed
layer lowers the surface charge of the interface by screen-
ing charge and creates a measurable electrical capacitance.
The diffuse layer of ions is created by the thermal motion
of non-adsorbed ions in the electrolyte. The Gouy-Chap-
man model was developed for planar interfaces, where-
as the Debye-Huckel model applies to spherical particles.
Both models assume that the fluid phase is a continuum,
and that ions are a continuous charge distribution 150.

Determining the electrostatic repulsion between charged
surfaces requires solving the Poisson equation, using the
Boltzmann equation for local ion density. This is a sec-
ond order differential equation and a complete solution
requires numerical calculations. The solution can be lin-
earized, for specific cases. The nonlinear Poisson-Boltz-
mann equation is solved with an analytic expression for
low potentials by assuming that ions are point charges in-
teracting with a homogeneously charged interface. The
point charge assumption is noted to fail for conditions of
high surface charge density, which predicts too high a con-
centration of counterions at the surface. The volume of
the counterions need to be considered in determining the
more accurate structure of the interface.

Electrostatic repulsion between particles is common in
water and alcohols due to the charging behavior of surface
hydroxyl groups, generally presentinany ceramic system.
For identical particles of size R having the same constant
surface potential §, the electrostatic repulsion has the form
for separation distances H of:127

64Tk TR p oo 2
2

Vis(H) = exp(-kH) @)

The parameters for the expression include the Boltzmann
constant, k, the absolute temperature T, the gas constant
R, the surface (zeta) potential §, and the number density of
ions in solution g.,. The diffuse dielectric double layer has
a distance solely affected by the ions in solution, known
as the Debye length as 1/. « is calculated from the ionic
concentrations, N;, and valence, z;, of each counterion of
typeiin the system as:

1o /¢ Nz ®)
K geokT 11

The components of this relationship include the electron
charge e, the permittivity of free space ¢g, and the solvent
dielectric constant ¢,. The thickness of these layers can be
estimated by the product of particle size, a4, and the De-
bye constant, k, as the term ka. A “thin” double layer has a
large value of ka (ka >>1), whereas a “thick” double layer
has a small value of ka. For many treatments, itis common
to assume a thin double layer in equilibrium with the sur-
rounding electrolyte. However, this assumption can prove
insufficient for cases where surface conductivity plays a
role in the determination of the true zeta potential 151.

This expression for ionic strength highlights the effect of
divalent or higher valency ion solubility to the electrostat-
ic stability of a system. The squared power to the valence
term can collapse electrostatic repulsion at low ion con-
centrations, leading to a lack of stability by electrostatic
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forces alone. Discussion in Israelachvili details the impact
of divalent and trivalent ions in solution and their effect on
interaction forces and colloidal stability, also known as the
Schultz-Hardy rule (see also Morrison and Ross) 127, 152,

The electrical potential at interfaces can be measured
by means of multiple techniques, including microelec-
trophoresis, electroosmosis, streaming potential 150, elec-
trokinetic sonic amplitude 133 or colloid vibration cur-
rent 154-156 A very common method for zeta potential
measurement of colloids is electrophoresis, in which parti-
clemotioninanapplied electric field is detected using light
scattering techniques. The value of the particle zeta poten-
tial from electrophoretic mobility measurementsis used to
approximate the repulsive force from surface charge 157.
The zeta potential is extracted from the electrophoretic
mobility, ug, using Henry’s equation 158,

up = 28083%(Ka) 9)

In this expression, { is zeta potential, 7 is the solvent vis-
cosity, eg and ¢, are the permittivity of free space and the
dielectric constant, and f(ka) is the Henry function, which
varies smoothly from 1 to 1.5 as ka varies from O to in-
finity. The Henry function can be exactly calculated with
numerical methods 159, but Ohshima developed analyti-
cal expressions that are highly accurate 160, 161, For k2 = 0
(infinitely thick double layer) the Huckel approximation
gives f(ka) = 1. For low values of ka (infinitely thin dou-
ble layer), the Smouchkowski approximation is assumed
and f(xa) is 1.5. The measurements of Wang et al. were
conducted using the Smoluchkowski approximation, as
they sought to determine relative changes between exper-
iments. They claimed that accurate measurements there-
foreare only determined when nanoparticle concentration
is greater than a critical value 148,

Hotze et al. noted that nanoparticles conflict with funda-
mental assumptions of DLVO theory due to their size 1.
One of these assumptions is thatinteractions can be related
to the forces between infinite flat surfaces. Nanoparticles
have too great a surface curvature for making the assump-
tion that k2 >> 1. Nanoparticles can also vary in their elec-
tronic structure, surface charging and reactivity owing to
the high content of atoms near or on the particle-solution
interface.

Progress in understanding the impact of particle size on
zeta potential measurement values is growing. Abbas ez al.
used the corrected Debye-Huckel theory of surface charg-
ing for the interface, as well as Monte Carlo Simulations.
Abbeas er al. directly examined the role of particle size on
surface charge density, finding that below a critical size
(~ 10 nm), nanoparticles can develop greater values of sur-
face charge 162, This is attributed to the geometrical dif-
ference in ion distribution between a flat interface and a
spherical particle. Nanoparticles with high curvature have
their charge screened by a greater content of counterions
and from all directions as opposed to a planar half-space,
as was explained by Lyklema 163.

Abbas et al. showed that surface charge density increas-
es as particle size decreases. This enhanced screening en-
ables nanoparticles to increase the number of dissociated
surface sites, raising interfacial charge. Thus, higher sur-
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face charge and increased counterion screening proceed
together. In addition, this theory predicts that the IEP val-
ue of nanoparticles should become higher as nanoparticle
size is decreased, as the screening allows for greater dis-
sociation of protons (i.e. enhanced surface acidity). These
predictions were also observed for nanoparticles of iron
oxide 138, 164 3nd again in T102 165, 166, 167, 168

These expressions would suggest that nanoparticles
demonstrate greater zeta potential values than bulk ma-
terials (with caveats for the shift in IEP). Prior treatment
suggested that zeta potential would decrease as nanoparti-
cle size decreased 169, and aggregation of the nanoparticles
into flocs would develop greater zeta potential values.
Holmberg et al. examined the question of how best to
accurately determine the zeta potential value of nanopar-
ticles under these models for enhanced counterion screen-
ing of the interface 163. The Smoluchowski approximation
ignores particle size and assumes a linear correlation be-
tween electrophoretic mobility and zeta potential. Holm-
berg found that using the accurate values for the Henry
function from the Ohshima expressions and independent
determination of particle size, the zeta potential value of
nanoparticles was indeed greater than values determined
using the Smoluchowski equation. The zeta potential re-
sults were still just a third of the expected value of the true
surface charge density.

These studies have primarily been conducted with mod-
el ceramic oxide systems. Electrokinetic measurements of
mixed metal oxides are often affected by the specific ad-
sorption of divalent and trivalent cations with pH. This
considers ion adsorption as either an inner sphere com-
plex, outer sphere complex, or as a component of the dif-
fuse double layer based on thermal motion and electro-
static attraction. In the TiO, system for example, studies
of the adsorption of these cations found that they form
inner sphere complexes generally in tetravalent coordina-
tion with four neighboring surface oxygen groups, com-
posed of two hydroxo and two oxo species 170-172 Sur-
face adsorption of ionic species, especially divalent and
trivalent soluble ions, can change these surface reactions
by surface complexation, and thus alter charging proper-
ties at the interface 173-178, Many divalent ions are poten-
tial-determining for TiO; based on this effect 179, 180, 172,
As a result, surface leaching can lead to readsorption, and
drift in the zeta potential and colloidal stability with time.

The surface chemistry of multicomponent metal oxides
impacts surface charge via surface acid-base properties, the
adsorption behavior of surfactants, and the surface stabil-
ity or leaching of cations. Itis well understood that the ad-
sorption or loss of protons from the terminating hydrox-
yl groups present on most oxides generates surface charge
and potential. The simplest model is the 1-pKa equation
based on the addition of a proton to a surface, and the par-
tial charge of the surface hydroxyl.

[TIOH ], + {H*}, = [TiOHJ?], (10)
B [TiOH?5];
Ka={ PTIOTIO5, (H ) exp(-zs EFo/RT) pooan

The protonation constant of the surface group relates
the concentrations of surface sites (umoles/m2), the bulk

Vol. 7, No. 1

proton activity H*}, the charge of the proton zy, Fara-
day’s constant F, the gas constant R, absolute temperature
T (K), and the surface potential W. The multisite, ion com-
plexation model (MUSIC) developed by Hiemstraand co-
workers has shown good predictive capability for deter-
mining the surface charging of these metal oxides and their
hydroxides 181-184 The evaluation of surface chemistry is
modeled under the assumption that material dissolution is
not active, and therefore many treatments of surface reac-
tivity are performed on homogeneous metal oxides of low
solubility, such as TiO,, ZrO,, Al,O3, SiO,, and various
iron oxides. The CD MUSIC model approach has found
excellent agreement to specific adsorption of divalent and
trivalent cations, with pH, ionic strength and tempera-
tures up to and including hydrothermal reaction temper-
atures 171,172,178,185-189 Notable conclusions are that
ion hydration energy impacts adsorption to the surface
with electrostatic effects, and that raising the temperature
shifts the IEP to lower values, based on the increased sol-
vent dissociation and decreasing dielectric constant of wa-
ter with temperature 187, 190-192 The behavior of multi-
component metal oxides is complicated by the local effects
of multiple cations on oxygen partial charge or polarity.
Bunker predicted phase stability or surface protonation
reactions using a theoretical treatment of the surface prop-
erties of mixed metal oxides based on the Pauling concept
of partial charge 193. The surface reactions of oxygen an-
ions are affected by the local bonding of different types of
cations, and charges can vary between systems.

Despite the development of the CD MUSIC treatment
of oxide interfaces, there is little application of these reac-
tions to multi-component oxide particle surfaces, such as
the ABOj; perovskites (A = Ca2+, Ba2+, Sr2*, or Pb2+; B
=Ti#*+, Zr#+). One reason for difficulty in applying these
techniques is the requirement that the particles are largely
insoluble during the measurement. This can prove prob-
lematic even in single-cation systems such as iron oxides.
The varying oxidation states of iron can lead to thermal
dissolution, as was noted by Wesolowski et al. for mag-
netite particles below the PZC, which leached Fe2+ from
the surface 187, In the titanate perovskites, the addition of
the A site, divalent cation is expected to raise the PZC of
the perovskite oxide 194. It is likely that simulation and ex-
perimental measurement of multicomponent systems can
be conducted using the CD MUSIC approach in the fu-
ture. Most often in practice, the understanding of multi-
component oxide surface charging is measured and evalu-
ated with solution conditions.

(1) Materials stability

The question remains, how can one predict the instabil-
ity of cations in multication oxides? To reply, one should
first consider the soluble species. Acidic conditions gen-
erally lead to fully charged ions in aqueous solution. The
hydrolysis reactions of metal cations are central to under-
standing the point of minimum solubility. Baes and Mes-
mer discuss the solubility of ions over the pH range, and
describe points in which hydrolysis reactions will lead to
precipitates 106, Once these conditions can be established,
the phase stability of the metal oxide should be evaluated.
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For instance, the hydrothermal synthesis literature can
be consulted for regions of phase stability for a multi-
component oxide. If a mixed cation oxide can be direct-
ly synthesized, that indicates the potential for at least an
operating region of component stability, whereas failure
to identify conditions of hydrothermal synthesis suggests
the lattice strain is too great to expect solution stability.
Although suitable for formation by hydrothermal synthe-
sis, BaTiO3isa well-known instance of material instability
in which Ba2+ leaches from the surface below alkaline pH
at room temperatures.

BaTiOz +2H* = Ba2+ +Ti02 + HzO (12)

The hydrothermal stability diagrams of BaTiO3 and oth-
er titanate perovskites show that the thermodynamic sta-
bility of these particles is maintained only under solution
conditions of high pH 195, Electrokinetic studies on Ba-
TiO5 show that leaching is developed under acidic con-
ditions. Much aqueous processing is preferred to be con-
ducted under conditions closer to neutral pH values. The
thermodynamic free energy for the dissolution reaction of
BaTiOj5 is much greater than PbTiO3 or PbZrOj3, explain-
ing the well-known sensitivity of BaTiO5 in aqueous pro-
cessing 196, Changes in surface chemistry can be attempted
by compositional substitution. There are multiple substi-
tutions possible in the (Pb, Ba, Sr, Ca)(Ti-Zr)O3 system,
for example, indicating there are reaction conditions sta-
bilizing those materials 197. However, studies of the insta-
bility of mixed A and B site perovskites by Lee ez al. found
that substitution of small amounts of Ca for Ba in mixed
(Ba+Ca)(Zr+T1)O3 (BCTZ) powders would affect the de-
gree of environmental sensitivity of the powder dissolu-
tion 40,

Another parameter for the stability of mixed cation ox-
ides is the lattice strain in the crystal and its effect on ther-
modynamic properties 198. The stability of a mixed-oxide
perovskite can be evaluated with the tolerance factor, t, of
the crystal structure.

t=(ra+1ro)/V2(rg +1o) (13)

These terms r p, rp, ro and are the ionic radii of the A2+,
B4+ and O2- ions, respectively. Tolerance factor can play
a role in the success of materials synthesis that relates to
oxide stability. For example, Modeshia and Walton exam-
ined the success of 50 % A site substitution in the AMnOj;
perovskites with tolerance factor, learning that t values of
0.9 to 1 demonstrated successful substitution of divalent
cations 199, Sahu et al. used the tolerance factor in under-
standing the surface properties of titanate perovskites 200.
They found that BaTiOj5 has the highest tolerance factor
of 1.15 in comparison to CaTiO3, PbTiO3, and SrTiO5. In
addition, their work performed thermodynamic measure-
ment of surface properties and found that BaTiO5 has the
highest surface energy of these titanate perovskites both in
the nonhydrated and hydrated states (see Table 1). There
is a significant energetic argument for lowering the free
energy of the surface by dissolution of Ba2* to develop
a more TiO,-like interface. Surface energy measurements
can be a parallel indicator of the surface stability. The sur-
face chemistry of BaTiO3 must consider these factors, and
in fact Blanco-Lopez stated that BaTiO3 should be con-
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sidered as a case of an insoluble oxide (TiO,) containing a
partially soluble inorganic salt (BaO). This system has po-
tential-determining ions related to H+ and Ba2+, and the
precipitation of the carbonate as factors to mitigate in col-
loidal processing.

VI. Surfactants for Complex Metal Oxides

The approach for developing a dispersion of a multi-
component metal oxide has shown that there are sever-
al factors to consider. The key properties of a dispersing
moiety are the strong adsorption to the particles surface,
complete coverage, a favorable wetting interaction, and
an electrostatic and/or steric property suitable to devel-
oping the desired macroscopic rheological response. The
dispersant is also chosen based on the needs of the man-
ufacturing process. For example, electrophoretic deposi-
tion requires charge on the colloidal particles, and often
is conducted in alcohol-based solvents to avoid the elec-
trolysis of water into H, and O, gases. Other processes
such as slip casting, gel casting or freeze casting may prefer
aqueous solvents for environmental reasons, but require
the formation of very high solid loading in the consoli-
dated product. The dispersant choice is thus based on the
colloidal stabilization mechanism using either electrostat-
ic, steric, or electrosteric means. In addition, particle size
matters for nanoparticle systems. Scaling the stabilization
length to the particle size is an effective method to opti-
mize colloidal properties. As the particle size a decreases,
the effective volume of the stabilizing dispersant or range
8 affects the particle packing density and rheology of the
system (see Eq. 6). Studart et al. demonstrated the effect
of interaction length with custom surfactants for alumi-
na nanoparticles 201, Steric dispersion with nonionic poly-
mers allowed for a great improvement of solids loading
and final properties.

Dispersant molecules are designed to include strongly
adsorbing chemical moieties for adhesion to the parti-
cle surface, and either charge generating or soluble poly-
mer structures to prevent aggregation 292, The number
of chemical moieties for adsorption to metal oxides is
surprisingly limited to phosphate and phosphonate, sul-
fate and sulfonate, carbonyl, carboxylic acid, hydroxyls,
amines and amides, although there are a number of other
variations in Lewis acids or bases that could be considered.
The placement and combinations of these groups on a
polymer backbone or cyclohexane ring compound, how-
ever, raise the level of complexity to near infinite combi-
nations. This makes it necessary to limit conditions for the
choice of surfactants. Owing to the growth in nanoparti-
cle processing, we shall discuss low-molecular-weight sur-
factants ranging from 200 to 5000 g/mol, and generally re-
fer to aqueous systems, although mixtures with polar but
non-aqueous systems are also used with some surfactants.
Adam et al. used trioxadecanoic acid (TODA) as a suitable
surface modifier for the electrosteric colloidal stabiliza-
tion of zirconia nanoparticles in water, ethanol, and oth-
er dispersion media 124. The factors controlling adsorp-
tion are similar to those properties and mechanisms for
polymer adsorption, as many chemical structures incor-
porate multiple chemical groups as adsorbing units. For
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a description of several non-aqueous systems and disper-
sant choice, see Raj and Cannon who review many exam-
ples of non-aqueous, electrosterically stabilized systems
using common dispersants such as “fatty acids, amines,
and esters“ 203,

(1) Electrosteric stabilization

The use of polyelectrolytes is very common for control
of particle dispersion, and due to the effects of electrical
charges, there is great depth in understanding all the be-
havioral effects in ceramic dispersion systems 294. Poly
acrylic acid (PAA) is a commonly investigated polyelec-
trolyte used for many ceramic oxide systems 43, 205-218,
There are several commercial products having low molec-
ular weight that will preferably adsorb in flat conforma-
tions, and provide electrosteric stabilization. A benefit to
PAA is that the effective plane of the repulsive electro-
static charge is displaced from the surface, giving higher
electrostatic stability 219. The behavior of polyelectrolyte
adsorption is related to electrostatic effects between the
polyelectrolyte and the surface, and relates to the PZC of
the surface. Higher adsorbed amounts are expected when
the charges are opposite, and electrolyte effects can impact
the adsorbed amount and polymer conformation. The use
of polyelectrolytes has extensive history in colloidal pro-
cessing, and many of the factors affecting behavior are inti-
mately connected 204, Sato et al. examined the application
of PAA at high solids loading, in which dispersant molec-
ular weight was decreased to 2100 g/mol to prevent hlgh
thickness steric layers on TiO, 220. Minimizing viscosity
showed a correlation with solids loading as expected. For
TiO,, using low molecular weight PAA that adsorbs in a
flat conformation creates short-range electrosteric stabi-
lization, and can allow for primary nanoparticle disper-
sions 110. BaTiOj5 is well known for its solution instabil-
ity and Ba2* leaching, and the use of polyelectrolytes in its
dispersion was recently reviewed 204, 221,

Polyelectrolytes are sensitive to the level of ionic strength
in the solvent, based on electrostatic screening and coun-
terion condensation 222,223, The effect of divalent and
trivalent ions on anionic polyelectrolytes also has a long
history of study and treatment of the interparticle forces
in colloidal systems stabilized with polyelectrolyte lay-
ers 224,225 Counterion binding can be either purely elec-
trostatic and allow for ion transport, or have an additional
energetic interaction leading to cross-linking. In adsorbed
layers, this can reduce the electrostatic component of the
repulsive interaction, but also lead to thick steric layers.
For example, Abraham determined that CaZ* adsorption
led to higher adsorption by screening of electrostatic re-
pulsion 226, Bell ez al. found that BaZ* cross-linked PAA
surface layers, preventing collapse and maintaining a ster-
ic shell in a gelled surface layer 227.

(2) Steric stabilization

There are several cases in which the processing con-
ditions do not provide sufficient surface potential for
colloidal stability, and polymeric surfactants are sought
to generate stable, high-solids-content dispersions. The
function of polymer systems that provide dispersion sta-
bility is to create an osmotic barrier between particles by
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the adsorption of a polymer layer, such that either steric or
both electrostatic and steric (electrosteric) interactions are
generated. There are numerous sources for understanding
the complexities of polymer layers at interfaces 228-230
Ultimately, strong stabilizing forces are expected to be
generated when polymer chains are grafted at high densi-
ty, such that the layers extend significantly into solution
due to crowding between neighboring chains. The size
of a free polymer coil is related to the average degree of
polymerization n, and the segment length 1. The radius of
gyration R, of the polymer can be determined with the
expression:

1V/n
V6

When the distance between grafted chains, s, is less than
the size of a free polymer coil, so-called brush layers are
established. The layer thickness formed in this case can be
related to degree of polymerization and grafting coverage
by Lo =nl>AT"3,

Polymer chains anchored to a surface, either by covalent
bonding or by surface complexation mechanisms, provide
a barrier to particle aggregation if a portion of the chain
extends into the solvent with a range or thickness that re-
duces the van der Waals attraction. This occurs in the case
that the solvent interaction with the polymer is favorable,
and the polymer chain is well solvated. The solvent quality
is often established by the y parameter in Flory Huggins
theory, which is a property of both the polymer and the
solvent. The steric repulsion can be modeled for particles
of radius a, adsorbed polymer thickness 4, and separation
distance H, as 203;

Euuse 2 (L) (5 ) (0204 )

Ry = (14)

(15)
for H<

The development of stable suspensions of metal oxides
based on steric stabilization can be conducted by growth
of polymer chains from the powder surface or by graft-
ing to reactions, but the vast majority of applications re-
quire the addition of a commercial dispersant to a sepa-
rate powder. Developing strong steric stabilization is most
readily done by adsorption of astrongly adherent polymer
backbone such as PAA or PMAA that is functionalized
with multiple chains of a second, high-solubility polymer,
such as PEO in aqueous systems. These comb surfactants
generate a steric repulsion that resists ionic compression.
Klimkevicius ez al. developed cationic comb polymers for
TiO, nanoparticle dispersion at pH 10 231, as did Rhodes
et al. for SiO, surfaces 232. There are excellent reviews of
steric stabilization 230, 233, 234 and comb polymers to de-
scribe the performance of these types of surfactants in col-
loidal stabilization. The factors leading to comb polymer
dispersants include the molecular weights of the anchor
block and the polymer “teeth”. Variation in these parame-
ters have been applied by several researchers 235. Flatt ez al.
provide a scaling expression for comb polymers that has
been used for force measurements by means of colloidal
probe atomic force microscopy 236
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Here, R 5 1s the radius of gyration of the core polymer
(adsorbing block), P is the number of monomers in the
chain, and N is the number of monomers.

These comb polymers are used in reactive systems, such
as cements and concrete, which perform under highly al-
kaline conditions 236,237, Ran examined the impact of
Ca?* ions for cement dispersions 238,239, These factors
translate to other reactive systems in ceramic oxides. Kirby
et al. (2004) used PAA-PEO comb polymers for BaTiO;
stabilization 240. The primary benefit of this type of sur-
factant is that the steric stabilization is not ion-sensitive,
unlike the PAA surfactant tested in parallel. This comb
dispersant was successful over varying ionic strength and
pH levels, including the addition of BaCl, as a divalent
ion addition to screen electrostatic repulsion. Other comb
polymers for BaTiO3 have also demonstrated stabiliza-
tion at pH 12, exceeding the performance of polymethyl-
methacrylate dispersant (Darvan C) 241,

Sakar-Deliormanli et al. are the only report available to

our knowledge examining the impact of the dlspersant up-
on the perovskite chemical stability (lead magnesium nio-
bate)in dispersions 242, They compared the effect of a PAA
dispersant againsta comb polymer of PAA/PEO. The car-
boxylate groups in the dispersants complex the Pb2* and
Mg2+ ions from the surface at pH 9, whereas the strong
adsorption of the carboxylic acids in more acidic condi-
tions led to a dense polymer layer that inhibited the diva-
lent cation solubility. The Mg2+ dissolution rate is much
slower than the Pb2* rate.

ol

(3) Molecular dispersants

Polymeric dispersants having molecular weight rang-
ing from 6,000-15,000 serve many processing needs,
yet for nanoparticle dispersion, lower molecular weight
compounds can provide the short-range (electro-)steric
length & needed for aggregation control. The adsorp-
tion on surfaces as inner sphere or outer sphere com-
plexes can be used to tether a stabilizing polymer chain
and create brush layers for colloidal stability, if adhe-
sion is strong enough. Hydroxyl- and carboxylic-acid-
containing small molecules demonstrate this capability
very well for several chemically inert ceramic systems.
The molecular structure of the adsorbing group has sig-
nificant impact in adsorption, and an extensive study on
alumina surfaces was performed by Hidber et al. using a
benzene ring as a rigid structure to control surface com-
plexation 243. Thisidentified 1,2-dihydroxybenzene (cate-
chol) and 1,2,3-trihydroxybenzene (pyrogallol) as strong
adsorbing groups as pH becomes alkaline owing to the
formation of a chelate surface complex. Studart further
described the adsorption as a ligand exchange between
surface hydroxyl groups and the -OH or -O- groups of
the catechol and pyrogallol headgroups 243, 244, There is a
strong adsorption energy related to the electrostatic inter-
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actions between the surface and headgroup, and the brush
density is reported to exceed the density of comb polymer
surfactants. Further development of surfactants based on
these headgroups demonstrated control over nanoparticle
stability. Tsai et al. utilized pyrogallol-PEG surfactants
for aqueous dispersion of Ni metal nanoparticles by elec-
trosteric stabilization. Tsai also used these surfactants for
yttria-stabilized ZrO; nanoparticle dispersion, Ieadlng to
h1gh packing density and >99 % density during sinter-
ing 245,

The use of catechols as surface-adsorbing functionali-
ties is inspired by the expression of mussel adhesive pro-
teins, based on high content of 3,4-dihydroxy phenylala-
nine (DOPA), and are known to be good binding agents
for inorganic surfaces 246. The development of polyethy-
lene glycol derivatives of various catechols has shown im-
pressive stability for Fe;Oy particles 247> 248, as well as
Si0,, Nb,O5 and TiO, surfaces 249> 250, Adsorption con-
ditions (pH and temperature of assembly solution) strong-
ly influenced surface coverage. For high surface coverage,
a pH of the assembly solution that is close to pKa (near
pH 6.5) of the catechol and the isoelectric point (/EP) of
the substrate, and the temperature of the solution must be
close to the cloud point for the PEG derivative. These ex-
periments used higher molecular weight PEG, and there is
the p0351b111ty that the cloud point was needed for adsorp—
tion in order to place the catechol group in proximity to
the nanoparticle surface. These functionalities can be high-
ly adhered to the surface and resist both high-temperature
and salt-based exchange. It is not clear if the studied struc-
tures would provide greater chemical resistance, as stud-
ies were reported for physiological conditions or marine
environments (pH 6 to 8.5), and extremes of pH were not
presented. Nevertheless, functionalization of a stabilizing
polymer like PEG or PVA would create high affinity sur-
factants for nanoparticle stabilization.

(4) Surface passivation during dispersion

Although nanoparticle dispersion has been greatly ex-
plored and related to surfactant choice, the number of
studies that incorporate surface passivation is quite sparse.
The primary focus of the field of dispersion chemistry
has been the attainment of systems that are highly stable
to aggregation, or the control over macroscopic rheolog-
ical properties leading to forming techniques, including
porous and 3D printed formulations. Chemical stability
can be guaranteed if conditions similar to the synthesis en-
vironment are maintained, in which case the particle com-
position is thermodynamically stable. However, if that is
not possible, the particle surface must be reacted with a
passivant suitable to prevent corrosion. One approach is
the formation of a sparingly soluble salt, such as sulfates or
phosphates reacting with multivalent cations 251, 252, Al-
so, the reaction of the surface with silane coupling agents is
aroute to interfacial stability and dispersion 137. This may
not be an option in electronic ceramics, in which compo-
sitional purity is so important. When limiting the surface
passivant to fugitive elements such as H, C, N and O, the
chemistries used to synthesize precursor powders return
asthe potential surface reactants for interfacial passivation.
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The goal of the passivation-dispersion approach is to
place the proper combination of chelating and surface
active groups on the surface, and thereby chemisorb
with surface cations to create an insoluble surface lay-
er. Molecules that form stable five- and six-membered
rings are thought to enhance the adsorption of inhibitor
agents, and inner sphere adsorption as bidentate complex-
es are believed to inhibit dissolution due to the difficulty
of dissolving two cations together 251-253, Based on the
organic functionality, this lends to surface-active groups
that include hydroxyl, amine and carboxylic acids. Clear-
ly the combinations of organic structures is extensive,
but include chelating compounds such as amino acids,
polypeptides, polysaccharides, and organic di-acids and
tri-acids.

Small, organic molecules with surface-active groups have
been studied in many ceramic systems as dispersing agents,
often based on carboxylic acids. Carboxylic acids are very
common anionic systems. TiO, surfaces are known to re-
act with carboxylic acid groups via dissociative reactions,
resulting in a bridging-bidentate mode for formic, acetic,
and propionic acids 254, The proton from the acid re-
acts to form a surface -OH group, and H-bonding can
play a role in adsorption strength. Citrate ion has three
COOH groups, and in alumina, titania, and zirconia, it is
found that two of the groups adsorb to the surface to gen-
erate a negative charge sufficient for electrostatic disper-
sion 243, 255, 256 Dye to its size, citric acid also has a steric
component 257,

Citric acid dispersion ability is often contrasted with ox-
alic acid, which has been studied by several groups as an
electrosteric dispersing agent and as a passivant. The group
of Adair has pioneered the use of oxalic acid as the best
stabilizing agent for preventing dissolution of multicom-
ponent ceramics 258, 259, Adair described the use of oxal-
ic acid in processing BaTiO3 259. The use of oxalic acid in
aqueous processing allowed the [Ba2*] to be maintained
below 104 mol L-1, and prevented any surface leaching in
the powder. This approach has a background in the low-
solubility product of many metal oxalates, givenin Table 1.
Oxalicacid (HO,CCO,H)is apolar dianion consisting of
a pair of carboxylate groups, and it is a highly adsorbing,
bidentate ligand for surfaces, as well as strong former of
solution complexes. The oxalate ion has two protonation
constants 260,

C,0% (aq) + H*(aq) = HO,CCO;(aq)
pKﬂ =1.23

(17)

HO,CCO;(aq) + H* (aq) = HO,CCO,H(aq)
pK,» =428

(18)

The speciation of oxalic acid relates to its acid dissocia-
tion constants, and for pH > 4, primarily the C,042 ion
is present. Solution species are mononuclear, with oxalate
coordinating as a bidentate chelate ligand and forming
five-membered rings. Janos showed that the ligand com-
plexes with divalent cation are of the order of citric acid
chelate groups in solution 261,
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The adsorption of oxalic acid is reported as an inner
sphere complex with bidentate coordination on surfaces
varying from clays 255 to Ca-Mg-containing glasses 262
to the Cr(III)-hydroxide surfaces of steel 263. Surface hy-
droxyl groups are displaced by the adsorption process.
The direct coordination with metal cations shows the high
chemical affinity of oxalate to metal (hydr)oxide surfaces.
Filius et al. looked at a CD-MUSIC approach to the sur-
face adsorption of several carboxylic acid molecules on
goethite 264, It is known that the adsorbed amount will de-
crease as electrostatic repulsion is generated at pH > PZC,
between the organic molecule and deprotonated negative
surface groups. Maximum adsorption is found just below
the logK,; of the acid.

Oxalic acid adsorption leads to negative surface charge
for a variety of ceramic systems 264268, Johnson et al.
found that diacids having adsorption as inner sphere com-
plexes developed negatively charged surfaces at pH > 3.
Erdemoglu measured zeta potentials of natural magnetite
with oxalate and several divalent cation species in solution.
(Co, Ni, Cu, Zn, Pb, and Cd) 26% Without oxalate, these
cations precipitate on the particle surface as the hydroxides
above pH 6. Oxalate leads to a negative surface potential
by complexation with surface iron atoms, affecting the ad-
sorptionability of the divalent cations in solution. The zeta
potential became relatively insensitive to pH above pH 5,
indicating that surface reactions were effectively complete.

There are exceptions to the use of oxalic acid as a process-
ing aid. There are elements that form soluble species with
oxalicacid, including V, Fe,and A1253, 265, One of the main
applications of oxalic acid is a rust-remover, which arises
because oxalate forms water-soluble derivatives with the
ferric ion. High oxalic acid concentrations can lead to ex-
cess solubility, as noted by Johnson et al. in the bridging
between particles in dispersion of alumina 268. Solution
concentrations to cover the surface can be in the order of
10-4 M 263, as the surface area of the adsorbed oxalate ion
is noted to be 0.7 nm2, which is roughly half that of citric
acid at 1.5 nm 2 267,

VII. Consolidation of Colloidal Ceramics

Owing to the fact that such a strong link exists between
the microstructure of a material and its macroscopic prop-
erties and performance, significant effort needs to be made
to control the factors and parameters thatinfluence the mi-
crostructural characteristics. It is in the sintering stage of
the overall fabrication route that the body develops the fi-
nal desired microstructure. Colloidal particle systems can
densify by solid-state 270-273, liquid-phase 274, and vis-
cous 273 sintering. Overall, the reduction in surface ener-
gy as the free surfaces of initially individual and discrete
particles coalesce is the major ‘driving force’ for densifi-
cation of colloidal particles. Specifically, sintering occurs
as a result of the thermodynamic driving force to mini-
mize the Gibbs’ free energy, G, of a system 276 -280, includ-
ing minimizing the volume, interfacial, and surface ener-
gy in the system. This reduction in energy is accomplished
by atomic level diffusion processes. As sintering progress-
es, the surface area and free energy of the system decrease
as porosity is eliminated and the overall curvature in the
system decreases. These processes result in either densifi-
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cation (internal grain matter is transported to the pores),
coarsening of the microstructure (rearrangement of mat-
ter from various locations on pore surfaces with none to
minimal decrease in pore volume), or a complex combina-
tion of multiple mechanisms. Interparticle pore shrinkage,
grain boundary formation, a decrease in the total volume
of the system through densification and an increase in the
average size of the particles through grain growth is how,
from the aspect of the microstructure, material transport
manifests itself during sintering.

Owing to the fact that such a strong link exists between
the microstructure of a ceramic and its macroscopic elec-
trical properties, significant efforts need to be made to con-
trol the factors that influence the characteristics of the mi-
crostructure, including the grain size distribution, grain
boundary characteristics, porosity, etc. Optimized con-
ditions, initial particle sizes, tailored sintering schedules,
and specific chemical compositions need to be determined
based on the macroscopic property needs for a particular
application or use. In some cases the differences in grain
growth and densification kinetics can be exploited to pro-
duce a desired and optimized macroscopic property.

In some situations, an optimized microstructure may re-
quire the complete elimination of porosity and the mainte-
nance of adiscrete grain size or grain size distribution. Hot
pressing, hot forging, spark plasma (field-assisted) sinter-
ing and/or isostatic hot pressing are typically employed as
a sintering technique to achieve these results. These tech-
niques can provide more control over densification rel-
ative to coarsening during sintering. This is because the
pressure and/or applied electric field now provides a ma-
jor part of the driving force to eliminate porosity and den-
sify the microstructure as desired. Spark plasma sintering
or field-assisted sintering is a novel technique for achiev-
ing specific engineered and tailored microstructures that
may or may not be achievable with conventional sintering
techniques.

It should also be mentioned that it is not always possible
to obtain a minimal porosity body by means of ‘pressure-
less sintering’, or sintering at atmospheric pressure. Us-
ing the example of the oxalate chemically prepared doped
ZnO from earlier in this review, the electrical characteris-
tics of ZnO varistor materials are related to their detailed
microstructure. Three main microstructural features are
especially important for determining their performance:
1. Doped ZnO grain size, grain size distribution, and

morphology: responsible for the conductivity in the

material, especially in the ‘up-turn’ region of the cur-
rent-voltage behavior.

2. Grain boundary character: provide barriers to electri-
cal conduction and produce the nonlinear properties.

a. Thebreakdown voltage of each individual interface
depends on the microstructure of that interface.

b. The electrical characteristics are based on the type
of interfaces and the grain size distribution as this
determines the number of barriers to conduction.

3. Intergranular network of bismuth-rich phases

a. The bismuth-rich phases form a network that con-

tributes an additional current path.
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b. This path circumvents the barriers at the ZnO grain
interfaces and can contribute significantly to the
conductivity in the pre-breakdown region.

These features constitute the functional microstructure
that is a result of the synthesis and forming techniques
used for component fabrication and develops into matu-
rity during sintering and densification. As for most ZnO
varistor compositions, the composition used in this study
developed a microstructure containing ZnO grains and
various bismuth-rich phases (see Table3). The samples
prepared for this case study were dry-pressed discs that
all had a similar initial microstructure and an ‘as-pressed’
density of 2.85 + 0.02 g/cm3. The samples were sintered
following either thermal profile “A” or thermal profile
“B” as listed in Table4. These schedules generated sin-
tered samples that were almost fully dense yet possessed
a unique microstructure in comparison.

Table 3: Additives and dopants used in this ZnO-based
varistor composition for tailoring the microstructure and
the electrical behavior.

Additive/Dopant [Role Mol%

ZnO Conductive grains|98.94

Bi,0; Non-linearity («) |0.56
inducer

CoO Non-linearity («) {0.25
enhancer

MnO, Non-linearity («) {0.25
enhancer

Al Non-linearity («) |~300 ppm
enhancer

Na Reliability en-  |~300 ppm
hancer

The two distinct thermal profiles were chosen to veri-
fy and establish the link between the matured function-
al microstructure and the electrical behavior of the mate-
rial. The goal here was to prove the hypothesis that the
electrical behavior of the material, voltage-current rela-
tionship in the ‘switch’ region, is a direct function of the
tinal functional microstructure. Electrical measurements
were performed on samples prepared from the same pow-
der and then sintered to either the schedule “A” or sched-
ule “B”. The results from the electrical characterization are
shown in Fig. 5. The figure shows that for both schedules
the switch field decreased as the maximum sintering tem-
perature increased. It also indicates the nature of that re-
lationship is unique based on the schedule and indepen-
dent of the maximum sintering temperature. These results
establish and verify the link between the functional mi-
crostructure and electrical properties.

It has been shown, through this case study, that the
detailed microstructure of the ZnO varistor material is
strongly dependent upon the fabrication variables, from
colloidal synthesis through densification by sintering. The
electrical properties of these materials are directly influ-
enced by the development of the functional microstruc-
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ture. This shows that material stability in multication
colloidal processing is even more critical, in which mi-
crostructural development is directly impacted by atomic
scale control throughout the colloidal processing process.

(1) Nonconventional materials systems — spark plasma
sintering

Spark plasma sintering (SPS), as the name suggests, uti-
lizes aspark plasma or plasmadischarge to provide thermal
energy for solid-state sintering. It also involves high elec-
trical current to provide field-assisted sintering, depend-
ing on different stages during an SPS process. The major
merits for SPS include rapid heating and cooling, higher
densification rate and shorter sintering time, all of which
are superior to conventional solid-state sintering methods.
Many materials prepared with SPS have shown exception-
al properties compared to other sintering techniques and
some novel materials have been obtained.

Fig. 6 shows a typical schematic of the SPS setup. It has
a uniaxial press structure with pulsed DC current applied

through the upper and lower punches. A conductive cylin-
drical graphite die is generally used for powder loading.
The inside of the graphite wall is lined with graphite foil or
boron nitride (BN) spray for easier demolding. The sin-
tering temperature is controlled by voltage-current (V-I)
output power and monitored by a thermocouple or py-
rometer. The field-assisted sintering process consists of
several phases. During the initial phase, a plasma charge
is pervasive in a gap between dry compressed particles. As
a result, a large amount of heat is generated momentari-
ly, leading to the softening or melting at the particle sur-
face, which further bridges the gap and forms the necks in
contact areas. Then, the effect of resistance heating ceases
when the second phase is initiated, the Joule heating. Cur-
rent through the particles, and together with the thermal
energy generated at the first stage, contributes to a rapid
ramping to the sintering plateau within a relative short
time period (usually within minutes). The applied pressure
further facilitates the plastic flow and densification. The
different phases of SPS are illustrated in Fig. 7.

Table 4: Sintering profiles “A” and “B” to a maximum sintering temperature of XXX °C.

Thermal Profile “A”

Thermal Profile “B”

RT to XXX °C at 3 °C/min and hold for 16 h

RT to 500 °C at 3 °C/min and hold for 2 h

XXX °Cto400°Cat1.5°C/min

500 °C to 675 °C at 1 °C/min and hold for 2 h

400°C to 100 °C at 3 °C/min

675 °C to 700 °C at 0.5 °C/min and hold for 2 h

700 °C to XXX °C at 0.5 °C/min and hold for 16 h

400°C to 100 °C at 3 °C/min

60.0

55.0
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Fig.5: Effects of maximum sintering temperature on electric field.
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Fig. 6 : The sketch diagram of the spark plasma sintering (SPS) setup.
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Fig.7: The general sintering mechanisms of SPS in respect of sin-
tering time.

In addition to the characteristic fast sintering and high
densification of SPS, the field effects on grain growth,
grain orientation and grain boundary migration are very
intriguing. It would be generally considered that a higher
heating rate or shorter sintering time would constrain ex-
cessive grain growth, yielding smaller fine grains. How-
ever, this is not always the case. Research on transpar-
ent alumina has shown that higher heating rate would
yield larger grain size, when overheating is not taken in-
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to account 281, This anomaly might result from the in-
herent complexity of SPS processing, such as field-assist-
ed mass transport, plastic deformation coupled with plas-
ma charge, thermal gradient, etc. Preferred orientation is
also observed in some materials prepared by means of
SPS 282-284 On one hand, the liquid phase and the shear
stress under uniaxial pressure is helpful in oriented grain
growth or crystallite alignment. On the other hand, the
momentary high temperature generated by plasma charge
would create a lowered plastic yielding and facilitate plas-
tic deformation under uniaxial pressure. Also superplas-
ticity behavior in some ceramics is more likely to be ob-
served from SPS owing to its high temperature capability.
With regard to grain boundary and migration, field-assist-
ed sintering has been widely studied with well-established
kinetic models to describe the electrical field on driving
force and growth rate 285, 286, Generally speaking, the ap-
plied field would interact with the space charge adjacent
to the grain boundary, thus modifying the grain boundary
energy and ion diffusion near or at the grain boundary.

SPS has been utilized to fabricate various kinds of ce-
ramics, including transparent ceramics, ceramic compos-
ites and other oxides that require high sintering tempera-
ture and high densification. The following are a few exam-
ples that illustrate that:

Example #1: SPS is a suitable for the densification of
composite materials as shown in the case of sintering
oxides and carbide dispersed zirconia inert matrix fu-
els (ZrO, 77wt% — ZrC 15wt% — CeO, 5wt% -
Er,O3 3wt%)27. Oxide and carbide materials are gen-
erally difficult to sinter via conventional sintering, which
involves large energy consumption and time effort. SPS
is an effective tool to consolidate ceramic composites to
nearly fully densified samples. Fig.8 shows the actual
piston/punch speed as a function of sintering time, from
which the stage of sample shrinkage can be revealed. This
behavior is a combinational effect from plasma discharge,
degree of plastic deformation, and thermal activation en-
ergy. SPS was able to densify this composite in only 10 min
dwelling at 1300 °C.

T Smterlltlg Relative
emgera ure Density (%)
1500°C O
1100° C 87.6057
:E 1400°C M l
= 1200° C 98.8557
=
Q 0
5_ 1300°C fh‘k L '
= k 1300° C 99.47211
(=]
o 1200°C M
1400° C 99.9340
1100°C M b‘
Temperature Heating Cooling 1500° C 99.4323
1 1 1 1
0 500 1000 1500
Time (s)

Fig. 8: Piston speed recorded during SPS sintering, indicating the desynchronized densification at different sintering temperatures.
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Example #2: For some classic electronic ceramics such as
barium titanate, SPS has also exhibited great potential in
obtaining samples with small grain size yet high density.
Fig. 9is an example of SPS barium titanate. The submicron
grain size and ~ 96 % relative density was obtained in only
5 minutes at 850 °C.

5.0 ym

Fig. 9: SEM micrographs of barium titanate ceramic.

Example #3: In most cases SPS is used for sintering or
consolidation purposes, however, it is also capable of in-
situ sintering, namely, reactive sintering. Our recent study
examined the capability of SPS reactive sintering of CuA-
10,. CuAlO, is a very attractive p-type transparent con-
ducting oxide in many emerging applications. However,
the performance and phase purity are highly dependent
on processing techniques. Conventional synthesis from
chemical solution and solid-state reaction might involve
high temperature, repeated heat treatment, and sophisti-
cated experiment control. Spark plasma sintering, on the
other hand, can synthesize and densify pure CuAlO, via
a single step within relatively short time period. The in-
herent low vacuum enabled by the SPS is thermodynam-
ically favorable for the solid-state reaction of CuAlO,
from CuO and Al,Oj3. Nevertheless, the direct sintering
of CuAlO, powders through SPS can be challenging since
the redox reaction of Cu is severe. The CuO and Al,O;
were well mixed and loaded into the graphite die. The
as-sintered disc exhibited pure delafossite CuAlO, phase
(Fig. 10(a)) and nanoscale microstructures (Fig. 10(b)).

Spark plasma sintering (SPS) has been widely acknowl-
edged as an effective method to sinter ceramics. The dis-
charge plasma and successive Joule heating could signifi-
cantly facilitate plastic deformation under pressure, result-
ing in dense ceramic bodies within a short time. The sam-
ples as-sintered by means of this activated sintering usu-
ally exhibit smaller grain size, higher density, good me-
chanical properties and sometimes preferred orientations
compared to conventional solid-state sintering. In addi-
tion, the utilizations of electrical discharge and electrical
field give rise to new studies on corresponding sintering
rate and mass transport. Here, we have shown several ex-
amples of sintering via SPS and demonstrated the great po-

Vol. 7, No. 1

tential of using this technique in the area of optical ceram-
ics, composites, electronic ceramics and iz situ sintering.

a
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Fig.10: (a) XRD pattern of CuAlO, synthesized via reactive
SPS sintering; (b) SEM micrograph of as-sintered CuAlO, bulk

sample..

VIII. Summary and Conclusions

Advanced ceramic oxide electronic devices require the
ability to optimize and tailor the properties of a colloidal
particle system into the final component with the desired
and optimized microstructure that links properties with
performance. All aspects of ceramic preparation and pro-
cessing are important to the final properties of the ceramic
component. The strategy to achieve optimal material per-
formance in colloidal multicomponent electronics is based
onascientific understanding of the material synthesis pro-
cess, interfacial stability in colloidal processing, and con-
trol over final microstructure by advanced sintering pro-
cessing. The need to understand the interface of colloidal
materials and control surface reactions is paramount to
maintaining the chemical homogeneity that impacts the
development of sintered microstructure. The thermody-
namic conditions to chemically prepare a desired ceramic
oxide lead directly to methods suitable to control and pas-
sivate that material interface. In the event that these con-
ditions cannot be maintained, concepts to passivate the in-
terface with fugitive organic additives are reviewed, so that
sintered microstructures can be best controlled.
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