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1. Introduction

This is a comprehensive final technical report for the Air Force Office of Scientific Research (AFOSR)
research grant No. AFOSR-83-037S5, entitled Microdesigning of Lightweight/High Strergth Ceramic
Materials. This report summarizes research accomplishments during the period | October l9§3 to 30 June
1987 (including the no-cost extension period from | December 1986 to 30 June 1987). The overall
objective of the program has been concerned primarily with the processing and characterization of low
density (< 3.0 g/cc) 3nd high strength (> 800 MPa),ccramic matrix composites for structural applications.
In order\tb—icﬁeve this gcal, three n?a}n ‘task areas have been emphasized: (i) fundamental studies in
processing, (ii) processing of ceramic/metal composites, and (iii) theoretical studies.

The work in the first task area consisted of experimental studics on phase transitions in colloidal
systems and microstructure/nanostructure evolution during sintering~ Our major accomplishments are
described in Section 2 of this report.9These studies dealt with the dispersion, consolidation, and sintering
of ceramic powders and ceranﬁcffaming gels, in an cffort to provide a fundamental understanding of key
processing parameters that affect the microstructure of the material. The key contribution of these studies
has been the recognition of the fact that colloidally consolidated particle compacts display hierarchical
clustering due to multiple<site nucleation and growth of particle clusters. Consequently, such hierarchically
clustered structures display a muitimodal void size distribution Such inhomogeneities introduced during
the pre-sintering stagc generally remain in the finished product ag defects, thus compromising the product’s
mechanical properties. Our success in the processing of these high performance materials derives from our
fundamental understanding of the colloidal dispersion and consolidation techniques required for developing
tailored microstructures.

—

The work in the second task area saw development of techniques for processing a new class of
particulate-based and low density (2.6 g/cc).;eramic-m(gtal composites composcd of boron carbide-aluminum
and aluminum diboride-aluminum composite materials. These materials exhibited high fracture toughness
(144 MPa.mm),.)ligh fracture strength (645 MPa).-and high hardness ,(2400 KH (1000 g)). The primary
focus of this study was the processing, mechanical testing, and microstructyral analysis and characterization
of these composite materials. Results are described in Section 3 of this report. These results can provide
fundamental information regarding the interrelationship between mechanical propertics and microstructural
and compositional variations. This information should allow better identification of the key processing
parameters that control the macroscopic properties of boron carbide-aluminum ceramic/metal composites.

Work in the third task area consisted of developing theoretical models in parallel with the experimental
studies. The goal of the theoretical studies was to help understand colloidal systems (in the suspension
state as well as in the consolidated state) from a more fundamental basis. Results arc described in Section
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4. Models of particle-particle interaction, particle-polymer interaction, and colloidal suspension stability
were developed, based upon statistical mechanical and interparticlc potential analysis techniques. Significant
achievements include developing a general equilibrium phase diagram for monodisperse and bimodal
patticle systems and characterizing the uniformity of colloidal sediments. Initial modcls were modified to
include electrosterically stabilized systems, non-cquilibrium systems, and interfacial as well as bulk properties.

2. Fundamental Studies in Processing

The overall objective of this portion of the research program was to establish the guidelines for
processing and microdesigning low density and high strength ceramic materials for structural applications.
In particular, the work sought to develop a fundamental understanding of the important parameters
involved in the dispersion, consolidation, and sintering of particles in the sizc range of 10° to 10°% m.
These particles may be spheroidal, plate-like, or rod-like, and may form a highly dispersed or an
agglomerated suspension. Surfactants or polymers may be added to a suspension to improve the consol-
idation step, resulting in the tailored packing of the particles in the grecen microstructure. Densification
may take place with the addition of heat andjor pressure. This program studied each of these areas in
detail, in order to improve upon current processing methodology in designing and producing desired
microstructural features.

In order to achie-e this goal, five main task areas were emphasized: (i) novel powder synthesis
techniques, (ii) fundamental studies in the dispersion and rheology of colloids, {iii) colloidal consolidation
and characterization of the resulting microstructure, (iv) sintering and microstructure/nanostructure evolu-
tion, and (v) post-sintering properties characterization.

2.1 Novel Powder Synthesis Techniques

In an attempt to improve the purity of ceramic powders and to successfully achieve mixing of
pre-ceramic components on a molecular scale, experimental work has been performed on the synthesis of
ceramic precursor materials. The precursors, prepared by T. Yogo in our laboratory, include oxy-alkoxides
for the production of mullite and B4,C powders. Lxtremely fine powders can be produced by using
techniques of polymeric condensation with the monomers synthesized in our laboratory. Alternatively,
these pre-ceramic polymers (or copolymers) could be used disectly in shape-forming processes, with
conversion to ceramic taking place subsequently. T. Yogo has successfully synthesized the monomeric
units for the B4C precursors. Ongoing studics of the polymerization of tue B4C precursor, as well as
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commercially available aluminum- and silicon-containing oxy-alkoxides indicate that polymerization is
possible. Preliminary evidence shows that some ccramic material is produced upon densification.

2.2 Dispersion, Stability, and Rheology

The powder dispersion, consolidation, and sintering scheme for forming ccramic bodies from colloidal
powders is shown in Figure . The interest in such a process is due mainly to the realization that unwanted
inhomogeneities introduced into a powder compact during the presintering stages generally remain in the
finished product as defects. A significant difficuity which ariscs in employing colloidal particles is their
tendency to agglomerate due to interparticle (particularly van der Waals) attractive forces. Such clustering
leads to undesirable micro- and nano-structures and to highly viscous suspensions. The following paragraphs
describe the fundamental experimental work performed on the dispersion and stability of submicron ceramic
particles in suspension. Such information can be used to improve techniques for obtaining higher packing
densities and microstructural uniformity, and for fabricating complex geometries not otherwise obtainable
by alternative processing methods.

A study of interparticle interaction and clustering dynamics of attractive particles was conducted on
an aqueous suspension of monosized, nanosized particles with a well-characterized surface chemistry. Gold
particles with a diameter of 150 A were used as a model system in order to study collision and aggregation
rates in cluster formation. Specifically, the effects of crystallographic orientation and surface characteristics
on the formation of particle clusters were investigated. Hicrarchically clustered structures displaying a
multimodal void size distribution were produced.

The adsorption of surfactants and polymers on the surface of dispersed colloidal particies and the
stability of colloidal suspensions was investigated more fully (see Appendices I - V). The model systems
of polymethacrylic acid (PMAA) and polyacrylic acid (PAA) adsorbed on a-Al,0; were chosen. The
adsorption behavior of polyelectrolyte on the particle surface and on the transition boundary between
stable and flocculated suspensions were determined for a variety of concentrations and molecular wesghts
of polyelectrolyte added to the suspension. A stability map was created, which can be a useful processing
tool for tailor-making suspensions by varying the polyelectrolyte concentration and the solution pll to
obtain the desired properties.

Suspension rheology is intimately connected with dispersion and suspension stability. Particle-particle
interaction energies affect viscosity primarily by altering aggregation behavior and hence suspension struc-
ture. Important results (see Appendices Il and 1V) indicate that it is possible to prepare 70 v/o aqueous
suspensions of a-Al;03 with sufficient fluidity for ceramic processing by clestrosteric stabitization of the
colloidal suspension.
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Fig. 1: Various peocessing paths followed in powder consolidation. Suspension toute is
used to eliminate unwanted particie clusters (2ggiomeraces). Gelation route is for particles
smaller than ~ 75nm.

Figure 1: Various processing paths followed in powd lidati

Suspension route is used to eliminate unwanted particle clusters (aggiomerates). Gelation route is for particles smaller
than ~7% nm.

2.3 Consolidation of Colloidal Suspensions

Colloidal consolidation is, in the usual sense, simply the nucleation and growth of particle clusters.
It is, then, the transition of a colloidal suspension from a dispersed to a flocculated state. It may also be
considered as a transition from a fluid-like to a solid-like state. The applications for ceramics processing
are certainly clear. Extensive theoretical work (see Chapter 4) and a review (Appendix V1) have been
completed by our group on this topic. In addition, AFOSR/DARPA funding has also supported the
following experimental work.

A bimodal or polydisperse particle size distribution can produce particlc compacts that sinter to full
density at significantly lower temperatures than systems composed of monosiznd particles (Appendix VID.
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Consolidation of bimodal or polydispersed systems, however, is complicated by particle segregation due
to different particle migration rates. This work (Appendix VIIT) investigated long-range particle scgregation
of a suspension that contained particles with a bimodal size distribution, undergoing consolidation. Results
showed that the consolidation mechanism is initially filtration and later sedimentation, resulting in a
gradation of microstructural homogeneity. Particle scgregation in the bimodal system was shown to be
reduced by increasing particle concentration.

Additional studies of the consolidation of colloidal suspensions included a combined theoretical and
experimental investigation on the behavior of fiber-containing suspensions in the presence of thermal and
mechanical forces. The properties of these fiber suspensions are expected to resemble rod-like macromolecular
polymer systems that form liquid crystals. As in liquid crystal systems, fiber alignment and fiber cluster
formation are expected to occur in high fiber concentrations. The results of this work are expected to lead
to improved processing techniques in the fabrication of useful ceramic fiber-reinforced ceramic materials.
Preliminary observations of fiber suspensions under the influence of audio-frequency vibrations include
the formation of cluster domains with roughly parallel alignment, the formation of separated columns of
aligned whiskers, and the formation of other regular patterns including 60-degree branched structures.

2.4 Sintering and Microstructure Development

In the sintering of consolidated ceramic powder compacts, microstructural inhomogeneities introduced
during consolidation lead to variations in sintcring kinetics and subsequent microstructural evolution.
Particles that are more densely packed sinter to full density at a higher rate and at lower temperatures
than do less densely packed particles. Three conditions must be achieved in the consolidated powder
compact in order to sinter successfully at lower temperatures: small particle size, narrow pore size
distribution, and uniform spatial distribution of pores. The effects of these parameters on sintering kinetics
and microstructure evolution were studied in detaii and are described below.

A consolidated compact composed of smaller particles sinters more quickly and at lower temperatures
than does compact composed of relatively larger particies; this is duc to a larger chemical potential in the
former as a result of its smaller radius of curvature. Sol-gel processing employs submicron-sized particles
and has advantages for reducing the sintering temperature and for preparing materials with high uniformity
and parity compared to conventional proccssing. Shinohara and Aksay investigated the sintering and
microstructure evolution of alumina (Appendices XXVa and XXVb) and mullite-forming (Appendix
XXVc) gels. Enhanced densification and lower sintering tcmperatures were achieved when the dense
particle packing of nanosized particles resulted in a relatively small pore size. Slow drying of the gels was
of course necessary to minimize anisotropic shrinkage of the gel prior to sintcring.




The study of the effect of pore size distribution upon sintering and densification behavior naturally
follows from the work described in the previous paragraph. A model system was thus devised (see
Appendices VII and IX) to investigate microstructure evolution during sintering in a ccramic compact
with a controlled pore structure. The approach was motivated by the spacc-filling concept, which suggests
that the addition of fine particles in a coarse matrix results in the reduction of pore size and overall
porosity. A colloidally consolidated ceramic compact was prepared from a suspension of particles with a
bimodal particle size distribution. The packing density went through a maximum at an intermediate value
for a volume fraction of fines (see Figure | in Apperdix VII), thus suggesting an optimum amount of
small particles that was required to occupy the void space between large particles. As a result, the pore
size distribution was smaller, which led to lower sintering temperatures and times. Grain growth was
consequently reduced. The evolution of pore size distribution during densification was studied by mercury
porosimetry, showing that bimodal compacts retained open pores during sintcring and thus reduced the
sintering temperature and improved the degree of densification.

A novel approach to the fabrication of porous ceramics with controlled pore size, shape and spatial
distribution was developed (Appendices X and XI) in our laboratory. The geometry and topology of the
pore space in the ceramic body was precisely controlled by introducing solid organic material in the
colloidal ceramic material by codispersion or lamination, followed by thermolytic decomposition of the
organic solid. The space initially occupied by the organic inclusions forms the pore network in the body
and thus resuhs in the controlled formation of microstructure.

The effect of fibers and whiskers on the consolidation of ceramic fiber-ceramic matrix composites was
investigated. The objective of this study has been to prepare fiber-reinforced mullite matrix composite
materials in order to produce high-strength dense ceramic bodies at reduced ( < 1250°C) sintering temper-
atures. Fabrication of the mullite matrix was accomplished by sol-gel processing technology, whereby a
monomeric silica-rich compound is polymerized in a suspension containing a fine alumina-rich powder.
The gel thus formed was used in either the wet monolithic form or in the dried, powdered form. Chopped.
short fibers of vatious aspect (i.c., length/diameter) ratios were incorporated into the mullite matrix-forming
material prior to heat treatment. Fiber concentration, expressed as a volume fraction, altered both the
degree and rate of densification: increased fiber concentration (up to 15%) required higher sintering
temperatures and longer sintering times to achieve a given degree of densification. (See also Appendix XXVIf).

2.5 Post-Sintering Properties Characterization

The goal of these studies in the processing of high performance materials has been to improve the
propertics of the resulting ceramic bodics. Microstructural features inherited from carlicr processing steps
certainly affect structural properties, as do chemical and grain size changes occurring during sintering and




densification. The microstructure/nanostructure considerations have been described in carlicr sections.
Characterization of the latter propertics, as well as the optical properties of mullite, will be discussed below.

The chemical identity of various phases in polycrystalline ccramic materials and interphase regions
at grain boundaries was studied by a variety of analytical techniques, in particular the high resolution
transmission electron microscopy (HHREM) imaging technique. First, the reaction series during the sintering
of kaolinite (Appendix XII) and metakaolinite (Appendix XIII) to mullite was studied, in order to
characterize the reaction and reaction products responsible for the 980°C cxotherm observed during
sintering. The exotherm was found to exist due to the formation of a ncarly pure y-Al,Oj-type spinel
phase as a result of a phase scparation in the amorphous dchydroxylated kaolinite matrix. Second, an
evaluation of the use of the IIREM technique for the detection of grain boundary amorphous phases was
prepared (Appendix XIV). The technique was then employed to provide a detailed characterization of the
interphase regions of polycrystalline mullite prepared from kaolinite and alpha-alumina (Appendix XV);
identification of crystalline and amorphous phases were made by the TIREM technique, as was the growth
direction of crystallites during mullite formation.

Additional post-sintering characterization included developing a quantitative method for relating
infrared transparency to post-densification microstructure of mullite. In another study, the transparency
of mullite to infrared radiation was shown to be dependent primarily on the purity and post-sintering
microstructure (Appendix XVI). Mullite-forming gels were used to prepare monolithic ceramic bodies,
which densified to nearly (98%) theoretical density at 1250°C. Infrared transparency depended upon
‘pore-filling’ (i.e., microstructure evolution) by viscous phase deformation of silica and subsequent crystal-
lization of mullite during sintering. Infrared absorption analysis can thus in this case be used to characterize
the completeness of chemical reaction, the nature of pore size distributior, and the degree of densification.

3. Development of Light Weight Ceramic-Metal Composites

Ceramic-metal composites, when properly processed, combine the uscful propertics of ccramic and
metal materials into one system. The synthetically processed group of refractory carbide-mctal composites
have traditionally been processed by liquid phase sintering, an effective lower cost fabrication process.
However, its applicability to ceramic-metal composites has only been illustrated in thermodynamically
compatible systems. The WC-Co and TiC-Ni systems are the best studied examples of these thermody-
. namically compatible systems. Most ceramic-metal composite systems of interest, however, are thermo-
dynamically incompatible at elevated temperatures. Therefore, when the liquid phase sintering approach
is attempted, chemical reactions may result in the depletion of either the metal or the ccramic phase prior
to full densification. Conscquently, a number of difficultics have been encountered in the development of




many ceramic-metal composite systems. [.ow temperature, solid-state densification methods provide a
solution to the phase depletion problems cncountered at clevated tempceratures. Ilowever, the main
disadvantage of low temperature processing methods is that in the absence of chemical reactions, wetting
of the ceramic by the metal phase is not always achicved. In such cascs, even with high pressure forming
techniques, porosity is not completely climinated.

The preliminary studies performed under a [awrence Livermore National Laboratory (LLLNL) contract
have shown that B4C-Al and B4C-Cu-Si composite systems can be processed to nearly full densitics in
lightweight cermets at temperatures below 1200°C only by hot isostatic pressing techniques. The new
work, outlined below, describes the main accomplishments which were undertaken between 1983-86. The
main emphasis at this phasc of the effort was given to the development of B4C-Al and SiC-Al cermets
by an infiltration technique. During this period, a methodology was formulated to circumvent the problems
encountered in the microdesigning of thermodynamically incompatible ceramic-metal composites in terms
of the wetting characteristics of the ceramic phase by the metal, the ratc of chemical reactions at the
interfaces, the resultant microstructures, and the mechanical propertics achieved. This methodology wilt
be illustrated here. ‘The most successful results during this phase of the program were achieved in B4C-Al
cermets. Therefore, the main emphasis below will be given to the processing, microstructures, and propertics
of B4C-Al cermets.

3.1 Capillarity and Reaction Thermodynamics

In order to achieve intimately mixed multiphase combinations, the first requirement is to control the
wetting characteristics of the solid phases by the liquid metal. At high temperatures, chemical reactions
at the interfaces result in a change in the interfacial frce energies and thus in the contact angle. Therefore.
non-wetting systems (i.e., thermodynamically incompatible) can be turncd into wetting systems by taking
advantage of these chemical reactions. In the B4C-Al system, contrary to the carlier studics, it was found
that Al can be tumed to wetting at tcmperatures above 1000°C. Tlowcier, mass transport across the
interface that initially results in wetting may rcsult in the formation of new phases in excessive amounts.
The control of these chemical reactions in the formation of new phases in the B-C-Al ternary, as described
below, is the key factor in the processing of B,C-Al alloys. It is these chemical reactions which take place
uncontrollably fast in SiC-Al and AIB, respectively, at the interfaces between the major ceramic and metal
phases in these cermets.

The formation of seven binary and ternary phases have been established between 680°C (Tm of Al)
and 1400°C (Appendices XVII and XVIID. The major phascs are AlB; and AlyBC (a newly discovered
phase), (Appendix X1X) AIB4C, and Al,C3 above 1200°C. The reaction lhcr;nodynamic studics determined
that local equilibrium conditions between 800 and 1200°C must be established so that AlyBC (the so-called
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X-Phase) will evolve and tie-up most of the free carbon required to form Al4Cy. It is established that
AlLC; is undesirable (as in SiC-Al cermets) because of its hygroscopic nature and poor mechanical
properties. Above 1200°C, local equilibrium conditions do not suppress Al4C3 formation. Therefore, to
process B4C-Al cermets it is necessary to rapidly heat the composite to a point ncar 1200°C to cnsure
wetting and then subsequently cool to temperatures much below 1200°C for the development of the desired
microstructure.

3.2 Densification

B4C-Al composites cannot undergo pressurcless or pressure assisted densification unless wetting occurs.
In ceramic-metal composites, it is established that phase rearrangement is the major densification mechanism
during the liquid phase sintering. The cxtent of phase rearrangement depends on the degree of packing
density and chemical inhomogeneities that exist in a powder compact after the initial consolidation. Due
to phase rearrangement, these inhomogeneities are amplified during sintering. The formation of large voids
due to the rearrangement of the liquid phase is of particular concern, especially in incompatible systems,
such as B4C-Al Observations have shown that sintered, hot-pressed, and hot isostatically pressed B,C-Al
composites all possess large voids which are surrounded by rigid ceramic shells.

The problems associated with phase rcarrangement during liquid phase sintering were used to our
advantage when the fabrication process was modified, where liquid metal was infiltrated into the monolithic
porous ceramic, in a manner similar to the densification of agglomerates (Appendix XX). This approach
allows the densification of fully dense and uniform composites, as the optimized hydraulic resistance and
the thickness of the porous substrates facilitate a rapid infiltration technique. To obtain parous B,C
substrates with modified surface characteristics, compacts were heat treated above 2000°C to obtain a
ceramic skeleton. These B4C substrates, with a predetermined amount of void percentage, were then
infiltrated with molten Al at about 1200°C. As a result, two major types of B,C-Al composites were
formed. In the first case, the metal completely depleted to form a dense multi-ceramic microstructure. In
the second case, a certain amount of Al was retained in the final microstructure. These two cases produced
different microstructures with various interfacial characteristics resulting in wide variation in mechanical
properties.

3.3 Microstructures

’
In contrast to liquid phase sintcring where the development of microstructure depends mainly on the
sintering temperature and time, the infiltration technique microstructurcs can be altcred in several stages.




These stages are as follows: (i) The first is the dispersion and consolidation stage where colloidal dispersion
and consolidation of B4C powders control the B4C/Al ratio of the final product. Tor high B4C content
(70%), highly dispersed aqueous suspensions (with pil at 10.5) were uscd, and for low 3,4C contents,
flocculated aqueous suspensions (with pll at 4) were used. (ii) The second stage is sintering, which is
performed at 1800 to 2200°C and which results in the formation of B4C “sponges.” Depending on the
sintering conditions, the total porosity, the grain and channel connectivity, and the chemical composition
of the substrate can all be modificd. (jii) The third stage is the infiltration stage, which is performed at
about 1150°C. Depending on the time of infiltration and on the cooling schedule after the completion of
infiltration, controlled microstructures with varying amounts of metal and reaction product phases can
form. (iv) Lastly, there are post heat treatments which involve stress retraining procedures on the as-cooled
composites. In addition, there is the modification of the microstructure of the metal phase, cspecially
when alloying elements are also used.

3.4 Mechanical Properties

Samples of B4C-Al composites prepared by the infiltration technique have been subjected to various
mechanical property tests. Both the fracture strength (4-point bending) and fracturc toughness (SENB)
and Chevron Notch properties exhibit the best values for 35% initial Al content. These values are 645
MPa for the strength and 9.7 MPa.m'/? for the toughness, 545 MPa for the strength and 14.4 MPam'?
toughness, respectively.

Properties are not necessarily controlled by the total initial and rctained Al phase alone, but also by
the reaction products which especially form during the infiltration stage. It was also found that the porous
B4C skeleton itself cannot be responsible for the deviation of rule of mixtures seen in the property data.
The maxima on the fracture strength and K. data appear to be related to the continuity factor which is
defined as the average number of connected grains.

Studies analyzing how alloying elements in Al affcct the microstructures and the mechanical propertics
were also initiated during this period of the program. Both 2024 and 7075-Al alloys were used which are
based mainly on Cu and Zn, respectively. As expected, the effect of alloying elements on the overall
properties of the composites came from their tendency to form precipitates, thereby changing the propertics
of the metal phase. In addition, because of the high infiltration temperature (> 1150°C), exceptionally
high for metal processing, some desirable and undesirable formation of intermetallic compounds among
the alloying elements and among B and C may take place. While there is a gradual decrease in hardness
values as the metal content is increased, both in toughness and in strength there is a substantial initial
increase before a gradual decrease takes place. This behavior was also observed in other classical ccramic-
metal composites, such as WC-Co (Appendix XXVd). These changes in the mechanical properties of




B4C-Al alloy composites that are affected by the microstructural variations as a result of processing
variables will be one of the main focuses in the continuation of this program. These structural changes
take place at nano-scale, especially at the ceramic-metal interfaces and in the metal phase, 1equiring high
spatial resolution characterization techniques.

3.5 Summary and Conclusions

During this phase of the program, intrinsicaily hard and potentially tough lightweight cermets were
developed by applying thermodynamical guidelines as processing principles. Composites of SiC-Al were
shown to have a poor combination of mechanical properties and stability because of the uncontrollable
reactions which take place during the infiltration stage. On the other hand, B4C-Al cermets were successfully
processed to yield excellent mechanical properties (fracture strength up to 645 MPa, fracture toughness up
to 144 MPam'™). In this system, which is an incompatible ceramic metal composite, the wetting
requirement of the ceramic phase by the metal was achieved by taking advantage of the chemical reactions
between the ceramic and the metal phases. Since the retention of the metal phase in the final product is
an essential requirement, the detrimental effect of the chemical reactions was minimized by using an
infiltration technique. In this procedure, the molten metal is infiltrated into a partially sintered B4C
“sponge” having a predetermined amount of porosity which is filled by the metal phase to achieve a fully
dense composite.

It has been illustrated that the unique properties associated with the individual phases which form in
B4C-Al cermets allow the formation of many “tailorable” microstructures with wide ranging mechanical
propertics. In addition, it has been shown that the introduction of alloying clements into the metal
component has an added advantage in designing the composites now at the nano-scale, especially in
controlling the interfacial characteristics between the ceramic and the metal. The next challenge will be in
the understanding and controlling of these nanostructural features in the further development of the B4C-Al
cermets.

4. Theoretical Studies

The goal of the theoretical studies is to provide a fundamental understanding of various phenomena
that occur in the various stages of colloidal processing, namely, dispetsion, consolidation, and sintering,
and as a result, to help design better procedures to process ceramic materizls to meet specific needs. During
the past few years, the theoretical program has grown significantly. We have been able to extend our
studies from monodispersions to himodal systems, from equilibrium calculations to non-cquilibrium ones,




from clctrostatically stabilized systems to sterically stabilized ones, from bulk propertics to interfaces. The
results are very fruitful.

The achievements are outlined as follows: (1) A general equilibrium phase diagram for monodisperse
systemns which summarizes the stability region of the colloidal solids, the colloidal liquids, and the colloidal
gases in the parameter space (sce Appendix XXI); (2) Phase diagrams of monodisperse and bimodal
charged colloidal particles (see Appendices XXIf and XXVe); (3) Non-equilibrium aggregation studies for
monodisperse as well as binary colfoidal suspensions (see Appendices XXI, XXIV and XXV); and (4)
Polymer adsorption on colloidal particles and steric interactions between colloidal particles (see Appendix
XXVvg).

The work in (1) is concerned with the general equilibrium phase diagram of monodisperse colloidal
systems. The essence of the work is that 1. A. Aksay and R. Kikuchi were able 1o develop a lattice-gas
model in which therc exists three distinct phases. The ordered low-temperature phase is identified as the
solid phase. The two disordered phases, one of which has a higher density than the other, arc identified
as the liquid phase and the gas phase, respectively. The usc of the cluster variation method (CVM) enables
the authors to obtain the phase diagram in the paramecter spacc accurately. The phase diagram summarizes
the stability regions of the solids, liquids, and gases when the interparticle attraction energy is varied. This
work has served as a general guidcline for much of the experimental work (for the details, see the review
in Appendix XX1) and also has served as a nucleus for the rest of the theoretical cffort.

The work in (2) is concerned with the crystallization of colloidal particles under repulsive conditions.
The essence of this work is that the authors Shih et al. were able to calculate the free energics of all phases
(the various crystalline phases as well as the liquid phase) with a variational principlc. Because they treated
all phases on equal footing, they were able to come up with very accurate theoretical phasc diagrams. For
the monodisperse systems, the theory predicted the body-centered-cubic (bec) and the face-centered-cubic
{fcc) crystailine structures for the colloidal solids. The bee phase exists only when the particle charge is
high and the particle density is low, while the fcc phase dominates in most of the solid phase regions (sec
Appendix XXII). These predictions are in very good agreement with experiments on various colloidal
systems. In particular, in the ceramic suspensions where the particle charge is usvally not too high, the
fcc phase has been identified with monodisperse silica suspensions. As for bimodal systems, the theory
predicts instability of the substitutional crystals against the formation of the liquid phase. Let y denote
the ratio of the diameter of the small particles to that of the large particles. When v is close to 1, say,
0.8, although the system can frceze into a crystalline solid, the freezing density as a function of the
small-particle concentration has a maximum at some intermediate concentiation; when v is farther from
1, say, 0.5, the crystalline phasc cannot be formed in most of the phase space, except in the regions that
are close to the pure cases. The implication of these predictions is that in most bimodal (or polydispersed)
systems, one gets colloidal “glasses” rather than colloidal crystals and hence a narrower pore size distribution.




These predictions provide a fundamental understanding for the consolidation behavior in himodal colloidal
systems as described in Section 2.

The work in (3) is concerned with the agglomeration in monodisperse systems as well as in binary
suspensions when the colloidal particles are under attractive conditions. Agglomeration is a non-equilibrium
phenomenon and thus cannot be explained by an equilibrium theory. The essence of this work is that the
authors were able to develop a non-equilibrium aggregation model in which they allow the interparticie
attraction E to be finite so that binding and unbinding are both possible. It turned out that the colloidal
aggregates can be either fractal or compact depending on the condition. The fractal dimension of the
aggregates can vary with E and with time. We have also estimated the sedimentation density as a function
of E, which closely resembles the experimental curve. In colloidal processes, as a rule, one has non-
equilibrium situations rather than equilibrium ones. Therefore, the theory provides a better fundamental
understanding as to how the structure of the agglomerated solids varies with experimental conditions and
also provides a new way of characterizing the structure of the agglomerated solids, namely, the fractal
dimension. A detailed comparison between the theory and the experiments is given in Appendix XXIV.

As for binary suspensions, experimentally, it is seen that an initially stable suspension of alumina
particles can be induced to undergo flocculation when a less attractive species, e.g., organic microemulsion
particles, is added to the suspension. Furthermore, when the organic microemulsion particle density reaches
some critical value the whole suspension becomes free from flocculation again. The dctails of the exper-
iments are contained in Section 2. This phenomenon is analogous to the so-called depletion flocculation
and depletion stabilization in polymer-colloidal systems. To explain this phenomenon, we have performed
both aggregation simulations as well as equilibrium calculations. The aggregation simulations show exactly
the same behavior as seen in the experiments; i.e., the cluster size has a peak with respect to the density
of the second-species particles while the equilibrium calculations show a monotonic increase in cluster size
with respect to the second-species particle density. The discrepancy between the result of the simulations
and that of the equilibrium calculations clearly indicates that the restabilization of the first-species particies
at higher second-species-particle densities is due to kinctics. This work is especially important in interpreting
the experimental results in sterically stabilized systems that contain excess polymer in solution.

The work in (4) is concerned with the polymer adsorption on colloidal particles and the steric
interaction between colloidal particles. So far, most theoretical studies of polymer adsorption have dealt
with single-chain adsorption behavior. In reality, this is rarely the case. It is therefore important to study
the multi-chain adsorption. We have studied the multi-chain adsorption with cquilibrium calculations as
well as with computer simulations.

While most computer simulations deal with single-chain adsorption for ncutral polymers, we have
done simulations for multichain adsorption of ncutral polymers as well as polyclectrolytes. ‘The preliminary
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results show that when the monomers have repulsion between themselves such as in the case of charged
polyelectrolytes, the saturated adsorption amount is smaller than when there is no repulsion between
monomers. This agrees with cxperiments described in Section 2. The simulation further indicates that in
the repulsive condition, although the adsorption amount is smaller, the height of the adsorption layer is
actually larger. The adsorption height determincs the range of the steric interaction between two adsorbed
layers and is therefore an important parameter in tailoring the interparticle interaction. Another advantage
of the simulation is that it can give structural information which can be directly compared with neutron
or x-ray scattering data.

In summary, the results of the theoretical studies are very encouraging. We have been able to extend
the studies to various conditions ranging from monodispersions to binary suspensions, from electrostatic
interactions to steric interactions, and from equilibrium calculations to non-cquilibrium ones. In addition,
we have provided more fundamental understanding for the experiments.
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The following equipment was purchased for use by the research group with funding from grant no.
AFOSR-83-0375.

Description

® ASEA Pressure System, spare parts, optional clect. hyd. C, molybdenum furmace, $50.00.

® Perkin-Elmer-Thermal analysis system, Disc drive, professional computer, keyboard, TAC7-instrument
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2,000 dem.
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® Water still, Mega Pure, cartridge deminerallizer, cartnidge organic removal, wall bracket, $1,020.
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® Astro Industrics, heating element for Astro Mode! 2570, $1,295.
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® Brookhaven - light, scattering system, Bl - 200 SM Gonimeter with options, Bl - 4 T multiple, sample
time, B1 - CON stepping motor, controller fiber, $34,735.

® Newport Optical Table, Vibration Isolation System, XK 4A-28, Air «lter, Ar-I5, 38,578,




® Spectra Physics - Laser, 15 mW HeNe Laser, model XK 124-B, $3,337.

® Power Meter Newport, Model 820 AC, $1,175.

o ONCTI 182509, IBM-AT computer wkstn, 80287 NDP, cable for printer model 339, Microsoft C
Compiler Ver 3.0, Fortran Compiler Ver. 3.31, DOS Programmers Ref. Man., Macro asscmbler 4.0,
Word Ver. 3.0, IBM-AT Technical Ref. Man., $5,126.

o EGA & graphics card & Epson FX - 85 Printer, $913.

e NEC - Multisync Hi - Res. Color Monitor, $720.

* AST Rampage/Port with 512 K, $793.
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INTERACTIONS BETWEEN POLYELECTROLYTES
AND OXIDES IN AQUEOUS SUSPENSIONS

Joseph Cesarano II] and ilhan A. Aksay

Department of Materials Science and Engineering
University of Washington
Seattle, Wasnington 93195

Collowdai stabuitty of aqueous a-Al:()y suspensions with poiymetngcrylic acid
(PMAA) was studied in the pH range of 3 to 10. Stability is related to (Ae adsaro
tion of PMAA on a-40,04 as controlled by the chemistries of both the a-Al; 0
surface and the PAAA. The adsorption behavior of PMA A on a-Al;05 13 ba-
sically *high affinity” type near and below the :ero point of charge of a-Al; (O
{pH 3.7}, A stabiity map was determined which outlines the criticai amount of
adsorbed PM A4 required 1o achieve dispersion.

INTRODUCTION

Polyeiectralytes are widely used in industrial applications to prepare highiy concentrated
(> 30 v o) ceramic suspensions which are subsequently fabricated into dense components
by sintering. Although a variety of polyelectrolytes are commerciaily available and are used
effectively in the preparation of suspensions, their role in colloidal stabilization is not cleariv
understood.

In this paper, we aim to provide a clearer understanding of particle dispersion with ad-
sorbed polyelectrolytes and reiate it to the surface chemistries of the suspended particles and
the polyelectrolyte. Aq oxide suspensi will be considered as a general example. The
particular emphasis will be on the dispersion of a-Al;03 suspensions with polymethacrylic
acid (PMAA).

BACKGROUND INFORMATION
(1) Polyelectrolytes

A polyelectrolyte is a polymer that contains ionizable functional groups which are capa-
ble of dissociating into ionized charged sites. A typice! polyelectrolyte structure is shown in
Fig. 1. In general. there are three types of polyelectrolytes. Anionic polyelectrolytes con-
tain acid groups which can ionize to form negative sites. e g., -COO~ or -OS0;. Cationic




v v

polvelectroiytes contain basic groups that form positive sites. e.g.. -V H . Polvelectroivtes
which have both acid and basic groups are termed polyampnolstes and can be negatinely or
positively charged. Since polyelectrolvtes are ionic in nature they are generaily water solupte.

In aqueous systems. the solution behavior and the extent to which the functional groups
dissociate and the overall charge of the poiymer are dependent on th.e surrounding pH and
jonic strength. Using poiyvmethacryiic acid (PMAA) as an example (Fig. 1), each acid group
on the polymer chain will have its own etfective dissociation constant (pQ); therefore. the
fraction of the functional groups which are dissociated (o} wiil be dependent on the pQ values
and the pH.

i CHy CHy CH,
‘ \ :
, --C-- CH, ~--C-- CHy --C-- CH;--
COO- C0O-~ CO0-
Va- Na- Na~®

For each acid group:

R-COOH -~ H;0 & R-COO - H;0~

Q- (R-COO~H:0")
T (R-COOH)

PR = —logQ :pH—loq(—ﬂ—)

l-ao

Fig. 1: Structure and dissociation reaction for polymethacryiic acid - Na sait.

(2) Surface Charging of Oxides

When a metal oxide powder (i.e., Al203) is placed in an aqueous medium, surface reactions
take place until equilibrium is established between the solid and the aqueous medium. This
can be viewed as a two step process: formation of surface hydroxyls due to surface hydration,
followed by ionization of these hydroxyi groups to yield a positively or negatively charged
surface depending on the pH of the solutioa.!

Many authors have modeled the dissociation of the hydroxide surface to yield a positively
or negatively charged surface. The common explanation is that the surface sites ionize to form
positive and negative sites and the resulting sites lher‘ react with counterions in solution.!-¢
In general. the dissociation of the surface hydroxyl groups is represented as:
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MOH; = MOH” - H; ' stoH;

3 R MO- HD T3
MOH® = MO~ - H] B

where,

M is a surface metal 10n site
MOH® is a neutrai. hyaroxyiatea surface site
MOH; is a positive surface group
MO~ is a negative surface group
H; is a proton located at the surface. and
K,: are the respective equuibrium reactions constants.

The reactions above show that at low ph values the reactions wui proceed to the left
and the formation of positive MOH T surface sites wiil be dominant. Simuariv, at high pH
values (low concentration of /) the reactions wili proceed to the right and the formation of
negative MO~ surface sites wiii be dorminant. It should be noted that at anv given pH there
are equilibrium concentrations ol all of the surface species 1o, MOHT. MOH". MO~ .
For exampie. at nigh pH values tnere are mostiy M)~ sites. but depend:ng on the reaction
constants there can still be appreciapie concentrations uf MOH?® and MOH | sites. At a
charactersstic pi. the concentrations of MOH] ang MO * sites wiil be rauat and the overan
net surface charge will be zero. This characteristic pH for a given materiai is termed the tero
point ol charge {zpc) for that matenai. For pH vaiues beiow the zpc. the net surface charee
is positive and above the zpc the net surface charge 1s negative.

In generai. the characteristic pH for 1he 1pc for 3 given oxide is strongly dependaent on the
relative basic and acidic properties of the soud. The crystaline torm. matenai preparation,
and the degree of suriace hydroxyiation will also affect the 1pc. For exampie. tre 2pc for
Al;O4y has been reported to be from 6.3 to 9 5.2

(3) Polyeiectrolyte Adsorption Behavior

When charged poiymers are adsorbed onto oxides to cause foccujation or stabilizatien,
it is generaily true that electrostatic interaction s the primary adsorption mecramsm. In
aother words. polvelectroly tes adsort mucn more appreciabiy when oppositeiy charged to the
solid adsorbent. When the polyelectrolyte and solid are similariy chargea, some ausorption
can still occur, but this adsarption is comparatively low.

Some typical examples of polyelectrolyte adsorption on oxides are given below. In the
flotation industry, the percent recovery of a minersi is related to how efficiently the collector
(anionic or tationic surfactant) is adsorbed. As shown in Fig. 2, the percent recovery (and
adsorption of anionic and cationic surfactants) is mainiy decermined by the surface charge
on goethite ( H FeO:). Therefore. pH is the most important vanable. Below pH 6.7 goethite
is positively charged and above pH 6.7, it is negatively charged. Therefore, it is cleariy
shown that the collector must be anionic when the solid :s positively charged and cationic
when the solid is negatively charged. Flotation ceases at nH 12.3 as a resuit of hydrolysis of
the cationic surfactant at such a high p#.'® Therefore, it can be concluded that the basic
adsotption is electrostatic in natute and involvesthe ionizel form of the surfactant. Mods and
Fuerstenau'! have shown that these phenomena hold for corundum {Al;05), and Iwasax:.
Cooke, and Choi'? have shawn that the Rotation of hematite (Fe;04) can be explained by
these principles.
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Gebharat and Fuerstenay:3 studied the adsorption of amonic poisacryhic acid (PAA1 on
rutiie {T10+), hematite. and silica as a function of pH. The amount of PAA adsorbea on
Fex0y 13 shown in Fig. 3. The ipc of Fe;U3 accurs at pH 3.3 and the adsorprion decreases
to near-zero values at pH values above 8.3. Similar adsotption behavior was found for T10;
which has a 2pc of 6.3. No adsotption in the pH range 3-9 was observed for silica which has a
1pc at approximately pH 2.5. In conciusion, for PAA adsorption on axides it was determined
that the PAA adsorption plateau level decreases with increasing pH until near-2ero values
of adsorption occur near the zpc of the oxide but some specific adsorption still occurs at the
2pc. It was also determined that positive zeta potentials are reversed 10 negative as PAA is
adsorbed.

Lopatin'* found similar behavior when polymethacrylic acid (PMAA) was adsorbed onta
anatase {T10:). It was suggested that the adsorbed molecules form a monolayer of interpen-
etrating coils and that electrostatic bonding to anatase, which is posmitively charged on the
acid side of an isoelectric zone between pH 4 and 6. is'the primary mechanism for adsorption
at pH vaiues from 2 to 4. Below pH 2. entropy effects and hydrogen bonding may be the
dominant factors; above pH 4, adsorption falls rapidly ta zero.
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EXPERIMENTAL MATERIALS AND METHODS

In order to more clearly unifv the concepts previously discussed for a working system.
some experiments were conducted using poiymethacrylic acid as the polyelectroiyte and a-
Al;03 as the colloidal powder.

(1) Materials and Chemicals

The No~ salt of polymethacrylic acid (PMAA-Na)* used had an average moiecular
weight of 15.000 (Fig. 1). The alumina powaer used was a verv high purity a-Al;03.° The
average particle diameter was 0.37 um and the surface area was 5.9 m®. g,

The water used was distilled and deionized. Adjustments of pH were completed with

analytical grade HC! and VaOH solutions and ionic strength was adjusted with VaCl as
desired.

(2) Potentiometric Titrations

To measure the fraction of dissociated COOH groups (@) versus pH for PMA A-Na and

the surface charge (o) versus pH for Al;0,, potentionetric titrations of the control elec-
trolytes were compared 10 titrations of the sampies.t

*Polysciences, Inc . Pittsburgh, PA. .
1Sumutomo Chemucal Amenica. Inc., New York. NY (AKP.30; > 99.99% pure).

'Radiometer TRS822 automatic titration unit. Radiometer, Copenhagen. Denmark.




This procedure of using potentiometric titrations to determine surface chemistries is
clearly outlined by Hunter.!> Titrations are compieted on a blank electroiyte solution and
electrolyte solution with a known amount of sample. The difference between the amounts of
titrant added to obtain a certain pH is the amount of titrant that reacted with the sampie.
With this information both the fraction of functionai groups dissociated on poivmers and the
surface charge on ceramic powders can be easiiy calcuiated.

The titrations were completed in a nitrogen atmosphere and in each case 40 ml samples
had known but small volumes of PMAA-Na {< 0.1 g) and A20; (< 2 voi ¢} and when
necessary NaCl solutions were used to adjust ionic strengtn. Prior to titration. the Al,0,
powder was cleaned to remove soluble ions using soxhlet extraction. With this technique the
powder is continuously washed with freshly distilled water.

(3) Adsorption Isotherms

The adsorption of PMAA-Na on a-alumina was also determined using the titration unit.
Suspenstons of 20 vol % Al>O; were prepared with various amounts of PMAA at various
pH values. The samples were then put into a gentie mechanicai shaker for approximately 24
hours and then centrifuged for 43 minutes at 2000 RPM. A known amount of supernatant
was then anatyzed by titration to determine the amount of PMAA feft in solution.

(4) Settling and Zeta Potential Experiments

Settling experiments were completed with 2 voi S Al:0- suspensions. Various amounts
of PMAA-Na were added to the suspensions and were then ultrasonicated and magneticaily
stirred for at least 4 hours. Suspensions were then poured into graduated cylinders and after
several days the final sedimentation cake heights were recorded.

Zeta potential measurements of each sample described above were compieted with a
Micro-Electrophoresis Apparatus.® These measurements can only be compieted on very di-
lute suspensions. Therefore. it was very important that the 2 vol % 41,03 samples were
centrifuged and the supernatant carefullv decanted into a beaker. Then a portion of the
sediment was remixed with the supernatant. Prior to taking the measurements the new ai-
lute suspensions were very briefly ultrasonicated and magnetically stirrea for 15 minutes to
ensure that only singlet particles were measured. At least ten measurements were compieted
for each sample to ensure accuracy.

(5) Viscosity Measurements

Viscosity measurements of the suspensions were done with a rotary viscometer.®

* Rank Brothers. Bottisham, Cambridge. England. ’
tBrookfield Engineersng Laboratorses, Inc., Stoughton, MA.
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EXPERIMENTAL RESULTS AND DISCUSSION

(1) Surface Chemistry of PMAA.Na and a-4/;0;

The polyeiectrolyte polymethacrylic acid- Va - salt (PMAA-Na) (Fig. 1), with an average
molecular weight of 15.000. has approximately 138 available carboxviic acid sites or functional
groups per molecule. Depending on the soivent conartions (i.e.. pH and ionic strength), the
fraction of functional groups which are dissociated {i.e., COO~) and those which are non-
dissociated (i.e.. COOH) will vary. As the fraction dissociated {a) increases from ~ 0 to
~ 1.0, the polymer surface charge varies from relatively neutrai to highly negative. Therefore.
the behavior of the polymer in solution is aiso dependent on the solvent conditions. Fig. 4
shows the fraction of dissociated acid groups as a function of pH and background NaCl
concentration. As the pH and salt concentration increase. the dissociation and negative
charge characteristics of the polymer increases.

Fig. 4 shows that at pf values of > 8.3 the PMAA 15 effectively totailv negative with
a ~ 1. In this condition. experimentaj evidence shows that the PMAA molecules are 1n the
form of relatively large expanded random coils 1n soiution.'® This resuits from eiectrostatic
repuision between the negatively charged surface sites. As pH is decreasea the number of
negatively charged sites aiso continually decreases until the PMA A is effectively neutrai near
pH 3.4 and a — 0. In this condition the PMAA chains approacn insoiubility and form
relatively smalil coils or clumps.‘®

A plausible explanation for the roje of salt concentration on the degree of dissociation s
that the presence of salt resuits in electrostatic shieiding betw een negativeiv charged sites on
the PMAA and this causes a decrease in the probabiiity of having non-dissociated acid groups
(i.e., COOH) as explained below. At a given pH. the system is in a dynamic equilibrium
state where any given acid group is part of the time dissoctated and part of the trme non-
dissociated but the overail {raction dissociated remains constant. Upon an increase in sait
concentration, the probability of COO~ groups peing stable witn surrounding Na~ ions in
close proximity increases and therefore the provabiiity of ;0" ions reacting with avaiiabie
COO~ groups to form COO H decreases. Therefore. upon dissociation. it 1s more aitficult jor
COO "~ groups to reform to COOH and the dynamic equilibrium s shifted to a hugher fraction
of dissociation. Similarly, sait decreases the activity of H30~ abhich shiits the equiiibrium
towards more dissociation as shown in Fig. 1.

Fig. 5 shows a measure of the relative charge density {¢) on the surface of the 410,
particles as a function of pH. At every pH, there 1s a large number of positive. neutrai, ana
negative sites. The ¢ value gives the overall net charge density. At the zpe, the number
of positive sites equals the number of negative sites and the net charge equals zero. For
a-AlO3, the zpc is at approximately pH 8.7. Both o values and the zpc are in very close
agreement to that of Hasz.!7

In Fig. 5 a comparison with Fig. 4 indicates that there should be a great deal of
electrostatic attraction between the negatively charged polymer and the positively charged
Al;03 particularly in the pH range from 3.5 to 5.7. This will be related to adsorption below.

(2) Adsorption of PMAA-Na on a-Al;04

Fig. 6 shows the resuiting adsorption for various pH values plotted as mg PMA A adsorbed
per m* surface area of A1;03 versus the inttial amount of P\MAA-Na added (on a dry weignt
basis of Al1;0,}. The solid diaganai line represents the adsorption behavior that would occur
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if 100'% of the PMAA added were to adsorb.

It is clearly shown that the amount adsorbed increases greatly with decreasing pH. This
is in agreement with recent polyelectrolyte adsorption theory developed by Van der scnee
et al.'®:19 as explained below. For pH values above the zpc. a 15 approximately I and the
negatively charged sites on the polyeiectroiyte chains tend to repei each other. This repuision
suppresses the formation of loops in the adsorbed conformation. Consequently, the poivetec-
trolyte chains adsorb in a relatively flat coniormation with each chain covering a reiatively
large amount of surface area. It should be noted that there still can be polyvelectrolyte taiis
extending into solution even though the formation of loops is inhibited. The determined
values for polyelectrolyte adsorption in this configuration ware on the order of a few tenths
of 3 mg/m?®. As the pH is decreased and o approaches 0 (Fig. 4), the polyelectrolyte chains
become uncharged and the formation of loops in the adsorbed configurations is enhanced.
Thus, the covered surface area per adsorbed chain is relatively small. and it takes more ad-
sorbed chains to form a saturated monolayer. Commonly measured values of this type of
adsorption are a few mg; m* which is in agreement with the experimental resuits.=

Fig. 6 also shows that there is a difference between the adsorption behavior above the
zpc and below the zpc. For pH 9.8, there is a gradual attainment to the saturated adsorption
plateau: but, at pH 8.2 and below plateau adsorption is reached without having any appte-
ciable PMAA left in solution. Therefore. it is concluced that at pH values near and beiow
the zpc, the adsorption behavior is basically “high aifinity” type adsorption where practically
all of the PMAA which is added adsorbs on the surface and follows the 100% line unul a
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saturation plateau level is reached. Only after that limit does non-adsorbed PMAA become
appreciably present in solution. This also agrees with adsorption theory when there is an
added electrostatic influence for adsorption and a negative or partly negative polyelectrolvie
adsorbs on a positively charged surface.!? Above the zpc. due to similar net charges. a barrier
for adsorption exists. so that in order to adsorb appreciable amounts of PMAA there has
to be a corresponding equilibrium concentration of PMAA in solution. Adsorption in this
region is due to the presence of positive surface sites even though the net surface charge is
negative.

Fig. 6 also shows that the presence of backgroun salt can slightly increase the adsorp-
tion. This occurs because the background salt has an eiectrostatic shielding effect between
negatively charged sites on the PMAA thereby causing the chains to behave more like un-
charged polymers and enhancing the development of loops. This type of behavior is commoniv
observed in many systems and is in agreement with adsorption theory.'*'? It shouid also
be noted that even with 0.1 M NaCl concentrations stable suspensions are achieved aiter
saturation adsorption occurred.

The degree of reversibiiity of this system is indicated by the w and ¢ punts in Fig. o.
At these points. the suspensians were made at the initial p# values indicated ang shaken for
4 hours. The suspensions were then adjusted to the indicated pH values and shaken for 20
or more hours before an analysis was compieted. The system which is initialiv at pH 9.9 and
then adjusted to pH 8.1 adsoros a final amount which is consistent with what is expected
if the initial pH is already 3.1. This is expected since at pH 9.9 there 1s appreciadle non-
adsorbed PMAA in soiution which could be easiiv adsorbed once the pH is lowered. A change
in the configuration of the adsorbed PMAA may occur but there are no observable changes
in the suspension behavior. On the other hand. when the initial pH is 8.0 and then adjusted
to 9.6, total reversibility is not observed dut only part of the expected PMAA desoros. This
shows that the PMAA is relatively strongly heid on the 41205 surface. [t also shows that
with time most of the PNMAA can desorb. at least for pH values near and above the zpc.

(38) Consolidated State

The effect of incomplete adsorption and flocculation on the consoiidated state was deer-
mined by sedimentation and centrifugation experiments. Fig. 7(a) shows that trace amounts
of PMAA-Na (< 0.253 %) induces flocculation and large sedimentation volumes. This re-
sults because the binding energy between the particles is high and the particle clusters that
form during consolidation behave as rigid flow units and do not pack densely.’! In contrast.
at concentration levels of approximately 0.35-0.57¢ PMAA-Ra, the binding energy between
particles is low and the particle clusters display relatively denser packing structure.?!

These data are also correlated with the zeta potential measurements for the same systems.
Fig. 7(b) shows that with increasing polymer content. the zeta potential decreases to zero
and then reverses sign. Above 0.5% polymer. the zeta potential approaches a nearly constant
value. This is due to saturated monolayer adsorption of the anionic polyelectrolyte.

If one correlates the data from Figs. 7(a) and (b) it can be concluded that with smail ad-
ditions of PMAA-Na (i.e.. < 0.17) there is charge neutralization and subsequent flocculation.
In this region flocculation is mainly due to electrostaric patch model flocculation whersby
flocculation takes place because negatively charged patches due to the adsorbed polyelec-
trolyte are attracted to positively charged patches of surface on other particles. When the
molecular weight is relatively Jow then maximum flocculation occurs when the zeta potential
is approximately zero. This type of behavior 15 discussed by Bleier and Goddard®:, 1n the
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Fig. 7: (a) Sedimentation height and (b) zeta potential versus percent poiy-
methacryiic acid-Na (MW ~ 15.000) for 2 vol ® suspensions of Sumitomo
AKP 30 a-Al0;.

range 0.1 to 0.3% PMAA-Na, fliocculation is due to a combination of two effects: (1) the zeta
potential is relatively low in magnitude, and (2) incomplete adsorption results in polymer
bridging where two or more particles can be mutually adsorbed by polymer chains.

It can also be concluded that the PMAA results in more efficient consolidation. Upon
settling, the pure A/;0; case (0% polymer) shows a larger sediment volume than the system
with 0.4% polymer added even though the zeta potentiais are ~48 mV and -33 mV, respec-
tively. The stability determined by settling rates and sedimentation heights do not appear to
be equal unti zeta potentials of > 58 mV are reached for the pure Al,O3 suspensions. This
means that the increased stability and dispersion of the 0.4%¢ polymer system may be due to
an enthalpic steric stabilization interaction in combination with the repulsion effact due to
electrostatics. These mechanisms together can be termed electrosteric.

From these resuits some preliminary conclusions can be made: (1) only very minute
amounts of PMAA-Na are necessary to focculate Al;05 Suspensions, (2) a ctitical amount
of PMAA-Na is needed before stabilization occurs, and (3) PMAA-Na does indeed provide
an enhanced stabilization effect.
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Fig. 8: A stability map showing the amount of adsorbed PMAA-Na re-
quired to form stable suspensions of Sumitomo AKP 30 a- A{-O3 as a func-
tion of pff.

(4) Stability Map for PMAA-Na/ A0, System

With the above information and the adsorption data in Fig. 6 a stability map was con-
structed and is shown in Fig. 8.

Fig. 8 is a plot of the amount of PMAA adsorbed at the plateau ieveis versus pH. In
other words, for any pH near and beiow the zpc. it is 2 measure of the amount of PMAA
which must be adsorbed to achieve a stable suspension. Regions above the curve are -table
and dispersed. Regions below the curve are unstable and show an onset to floccuiation. The
reason for the assumed steep decrease in adsorption at pH 3.3 is because of observed viscosity
decreases. For example, as pH is decreased on samples which are initially stable, the viscosity
noticeably increases when crossing the stability, instability boundary region. Thisis expected
since at those lower pH values. it takes more PMAA to maintain a stable suspension and
these suspensions ate beiow that critical level. This is the same as moving to the left from a
stable region on Fig. 8 and entering the unstable region. Once the pH is decreased further
to pH 3.3. deflocculation reoccurs and viscosity sharply decreases and approaches that of a
system stabilized at pH 3.3 without any PMAA present. Since at pH 3.3 Al;0, is stable
without the presence of PMAA due solely to electrostatic interactions. it is believed that
there are a combination of two possible mechanisms for the observed restabilization of A{20y
below pH 3.3 in the presence of PMAA. One explanation is that below pH 3.3 the PMAA
sufficiently desarbs since this is also the pH at whick, the PMAA loses its negative charge
and approaches that of a neutral polymer thereby losing a strong driving force for adsorption
(Fig. 4) and losing its solubility. Concurrently, some PMAA may still be adsorbed but
the effectively neutral polymer layer may be small enough so that the electric double layer




Table 1: Rheology data at various pH's {or
20 v ‘0 AKP-30 suspensions with 0.312t(dwb)
of PMAA-Na MW 13.000.

pH niepyat 10 RPM

5.2 1630
P I < 10

L 8T < 10 ;
£ 93} <10 i
" 9.8 | < 10 i
1102 < 10 :

(formed by the highly positive Al;O3 surface) mav extend past the polymer laver. In this
way, electrostatic stabilization due to efectric double laver interactions can still oceur.

Table 1 illustrates the transition from stability to instabrlity based on viscositv mea-
surements. A series of sampies with 8.312'7 PMAA were prepared at various pH saiues.
Viscosities above pH 7 are «. 10 cp while the viscosity at pH 5.2 is more than two orders of
magnitude greater, indicating tlacculation. This is in agreement witn Fig. 8 which shows a

stability instability transition at ~ pi 7 for V31297 PMAA.L

CONCLUSIONS

1. The adsorption benavior of polymethacryiic acid on alumina is very much dependent
on solvent conditions ana the surface charge charactenstics of the PMAA and ALOqy:
as pH is decreased the adsorption of PMAA increases until insoiubility and charge
neutralization of the PMAA is approacned: for pH values neat and beiow the zero point
of charge for 4/20;3. there is an added electrostatic attractive potential for adsorption
which results in a high affir..y type adsorption behavior.

2. For pH values near and below the zpc, PMAA induces flocculation until an adsorption
saturation limit is reacned and the binding energy between particies is reduced beiow
a critical level.

3. Once saturation adsorption occurs and stability is achieved, the PMAA induced stabi-
fization shows an enhanced stability as compared to suspensions stabilized electrostat-
ically without the presence of polyelectrolytes.

4. The stability map introduced here can be a useful processing tool for tailor-making
suspensions with varying amounts of polymer from low to high pH's depending on the
desired properties.
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ABSTRACT

Stability of aqueous a-Al,0z suspensions with Na* salt of polymeth~
acrylic acid (PMAA-ila) polyelectrolyte was studied as a function of
pl. At a given pH, the transition from floecculated to the disperaed
state corresponded to the adsorption saturation limit of the powders
by the PMAA. Ae pH was decreased, the adsorption saturation limit
increased until insolubility and charge neutralization of the PMAA was
approached. The critical amount of PMAA required to achieve stability
{8 outlined in a stability map.
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I. INTRODUCTION

For many applications in ceramic processing it is desirable to sinter
at relatively low temperatures and to obtain fully dense and fine grain
microstructures. One method by which these goals can be accomplished is
by using submicron size particles. In order to achieve a uniformly conso-
lidated compact, it is also advantageous to use dispersed colloidal sus-
pensions which contain upwards of 5C vol I solids while still maintaining
relatively low viscosities of less thanm 1 Pa-s.

In general, suspensions can be dispersed by electrostatic, steric, or
electrosteric stabilization mechanisas.! Electrostatic stabilization is
accomplished by generating a common surtace charge on the particles.
Steric and electrosteric stabilizaticn, on the other hand, are achieved by
adsorpticn of polymeric additives which serve to form 'protective
colloids'.

The main problems, related to ceramic processing, that were found to
exist in electrostatically stabilized systems derive from agirg effects
and complications of processing multiphase systems.2 The aging effects
are commonly due to the solubility of particles in the suspending =zedium.
For instance, in the case of suspencions prepared with H20 unéer acidic or
basic conditions, pH changes with tize due to the solubility of the
particles.2 These pH changes carn drastically influence rheology and
suspension behavior, sometimes within a relatively short time frame of
minutes to hours.2 A secord problem with electrostatically stabilizing
suspensions whick have more than one phase is that it is difficult, if not
impossible, to find a pH range in which all of the particies have a
substantial surface charge of the same sign so that irreversible agglome-
ration is prevented.3 In general, ceramic suspensions can be stabilized
electrostatically; but, improvement of the suspensions to better meet the
requirements necessary for ceramic processing is possible by incorporating
polymeric additions.

Industrial experience shows, for instance, that by using polyelectro-
lytes as dispersants or deflocculants, in highly concentrated oxide
suspensions, problems related to high viscosity, aging, and processing of

multiphase systems can be drastically reduced and that suspensions with




adequate fluidity can be prepated.a However, in spite of these advantages
to using polyelectrolytes to stabilize suspensions, a great deal of mis-
understanding exists in the general ceramic community as to the funda-
mental roles of these polymeric additives., Thus, this investigation was
designed to elucidate the mechanisms of polyelectrolyte stabilization and
to relate them to the chemistry of the powder surface and the polycer
additive. An aqueous a-Al,04 system with polymethacrylic acid (PMAA) was

chosen as the model.

II. MATERIALS AND EXPERIMENTAL METHODS

1. Materials and Chemicals

The ceramic used in this study was of very high purity (> ©9.995 3),
submicron size, and relatively monodispersed (0.2-1.0 um) 2-A1,0, powder®
The average diameter measured by an x-ray absorption/sedizentation
technique™ was 0.37 pm. The average surface area as measured by standard
B.E.T. N, adsorptiond was 5.9 mz/g.

The polyelectrolyte studied was the wa* salt of polymethacrylic acid
(PMAA-Na) with an average molecular weight of 15,600, " Figure 1 shows the
PMAA-Na structure and that the functional groups are carboxylic acid (CCOH)
groups.

The water used was distilled and deionized. pH was adjusted with
standardized analytical grade HCl and NaOH solutions (1.0 N and 0.1 N).

Analytical grade NaCl was used to adjust the ionic strength as desired.

*Sumitomo Chemical America, Inc., New York, NY (AKP-30).
tMicromeritics, Morcross, GA (Sedigraph 5000).
§Quantachrome Co., Syosset, NY (Quantasorb).

fPolysciences, Inc., Pittsburgh, PA. v




2. Experimental Methods
(A) Potentiometric Titratioms: To measure the fraction of dissociated
COOH groups (@) versus pH for PMAA-Na (Fig. 1) and the surface charge
versus pH for Al,0,, potentiometric titrations of the control electrolyte
solutions were compared to titrations of the polymer solutions and oxide
suspensions ¥

This procedure of using potentiometric titrations to derermine poly-
mer behavior and surface chemistry of solid is c¢learly outlined by Arnold

and Overbeek’ and by Hunter®

for oxides. Titrations were completed on a
blank electrolyte solution and the polyelectrolyte solution or suspensicn
with a known amount of sample. The difference between the amounts of
titrant added to obtain a certain pH was the amount of titrant that
reacted with the sample. With this information, both the fraction of
functional groupgs dissociated on polydmers and the surface charge on
ceramic powders can be easily calcu‘.ated.s'6

The titrations were completed in & N, atmosphere and in each case
40 ml samples had known but small volumes of PMAA~Na (< 0.1 g) and Al,04
(¢ 2 vol Z):; and, when desired, NaCl solutions were used to adjust the
ionic strength. Prior to titration, the Al,04 powder was cleaned to
renove soluble ions using Soxhlet ext:action] With this technique the

powder is continuously washed with freshly distilled water.

(B) Adsorption Isotherms: The adsorption of PMAA-Na on the aluxzira was
also evaluated using the automatic titration unit in the first derivative
titration mode. Suspensions of 20 vol 3 A1203 were prepared with various
amounts of PMAA-Na at various pH values. While the Al,0; was being added,
the pH was constantly monitored and adjusted so that it was always within
0.2 pH units from the desired pH value. After mixing, the samples were
ultrasonicated for approximately 1 min. and the pH measured and adjusted
again if necessary. The samples were then put into a gentle mechanical
shaker for approximately 24 hours and then centrifuged for 45 ain. at 2000
RPM. A portion of the supernatant was then analyzed by first derivative

titration to determine the amount of PMAA left in solution. Fig. 2(a)

*Radiometer, Copenhagen, Denmark (Radiometer TRS822).




shows the shape of a typical PMAA-Na titration curve and its corresponding
first derivative plot. The distance between peaks represents the amount
of titrant to reach the endpoint and depends linearly on the amount of
PMAA-Na titrated as shown in Fig. 2(b). This relationship was therefore
used to determine the amount of PMAA-Na remaining in solution after
adsorption: A known volume of the supernatant was diluted with water to
approximately 40 ml. This solution was then sealed in the titration cell
and the pH adjusted to 9.8, while the sample chamber was subjected to Ny
bubbling. The pH adjustment to 9.8 ensured that any PMAA-Na would be
fully dissociated. This will be discussed fully below. The first dariva-
tive titrations were then conducted with 0.5 N HCl and the distance
between peaks recorded. Standards were prepared to establish Fiz. 2(b)
and this calibration was used to determine adsorption behavior of PMAA,

Background salt did not induce significant deviarion in this calibracionm.

(C) Settling and Zeta Potential Experiments: Settling experizments were
done using 2 vol % Al,0, suspensions. Various amounts of PMAA-Na were
added to the suspensions and were then ultrasonicated and stirred for at
least 4 hours. Of each suspension, 70 ml was then poured into graduated
cylinders and after several days the final sedizentation cake heights were
recorded.

Electrophoretic mobility was measured* and used to calculate zeta
potential according to Henry's equation.8 These wmeasurements can only be
completed on very dilute suspensions. Therefore, it was very ioportant
that the 2 vol T Al,0,4 samples were centrifuged and the supernatant care-
fully decanted into a beaker, thereby ensuring that only a very minute
amount of the sediment was remixed with the supernatant, Prior to the
measurements, the samples were ultrasonicated and stirred for 15 minutes
to ensure that only the mobility of the single particles was measured. At

least ten measurements were completed for each sample to ensure accuracy.

*Rank Brothers, Bottisham, Cambridge, England (Micro-Particle

Electrophoresis Apparatus Mark II).




(D) Viscosity Measurements: Viscosity of the suspensions was peasured
using a rotary viscometer ™ equipped with a recorder and a small sample

chamber so that only 8 ml samples were necessary for each measurement.

III. RESULTS AND DISCUSSION

1. Chemistry of PMAA-Na and the Surface of a-A1203

The polyelectrolyte polymethacrylic acid-Na* salt (PMAA-Na, Fig. 1),
with an average molecular weight of 15,000, has approximately 138
available carboxylic acid sitas or funcrional groups per molecule.
Depending on the solvent conditions (i.e., pH and ionic strength). the
fracticn of functional groups which are dissociated (i.e., CCO™) and those
which are ncn-dissociated (i,e.. COCH) will wvary. As the fraction disso—
ciated (3) increases from - 0 to ~ 1.0, the polymer charge varies from
relatively neutral to highly negative. Therefore, the behavior of the
polymer in solution also depends on the solvent conditions. Fig. 3 shows
the fraction of dissociated acié groups as a function of pH and background
NaCl concentratiorn. As the pH and salt concentraticn increase, the disso-
ciation and negative charge characteristics of the polyzer increases.

Fig. 3 shows that at pH values > 8.5 the PMAA is negative and satu-
rated with @ ~ 1. In this condition, experimental evidence shows that the
DMAA molecules are in the forg of relatively large expanded random coils
in solution.” This configuraticn results from electrostatic repulsion
between the negatively charged surface sites. As pH is decreased, the
number of negatively charged sites also continually decreases until the
PMAA is effectively neutral near pH 3.4 and a -3 0, In this condition the
PMAA chains approach insolubility and form relatively small coils or

clumps.5

*Brookfield Engineering Laboratories, Inc.. Stoughton, MA (Digital

Visccmeter, Model RVTD).
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A plausible explanation for the role of salt concentration on the
degree of dissociation is as follows. The probability of COO  groups
being stable surrounded by Na® counterions in close proximity increases
with increasing [NaCl] and therefore the probability of H3O+ ions reacting
with available COO™ groups to form COOH decreases. Additionally, added
salt decreases the thermodynamic activity of H30+. shifting the equili-
brium towards more dissociation as depicted in Fig. 1.

Using similar reasoning, this behavior explains why pQ, defized in
Fig. 1, increases with increasing 2 and decreasing background salt concen—
trations (Fig. 4). pQ is the effective dissociation reaction constant.
For a polyacid such as PMAA, pQ varies for each acid site, depends on the
local environment, and increases as each successive acid group disso-

ciates. This situation occurs because increased electrostatic

e,

interactions between (-) sites on the polymer make dissociaticn ¢
neighboring sites more difficulc. Since increased salt concentraticn pro-
motes electrostatic shielding and makes dissociation less difficult, pQ
decreases. An interesting note is that extrapolaticn of pQ values to u =
0 yields 4.86. This value is consistent with those for simple organic
acids which only have one acid group. Both the pQ and : behavicr are in
agreement with the PMAA titration results of Arnold and Overbeek.’

Fig. 5 shows the charge density (J) on the surface of the Al,0,
particles as a function of pH. At every pH, there is a large nuzber of
positive, neutral, and negative sites. The U value gives the overall net
charge density. At the zero point of charge (zpc), the number of positive
sites equals the number of negative sites and the net charge equals zero.
For our sample of a-A1203. the zpc is at approximately pH 8.7. Both g
values and the zpc are in very close agreement to that of Hasz.)

Finally, a comparison of Fig. 5 with Fig. 3 indicates that there
should be a great deal of electrostatic attraction between the negatively
charged polymer and the positively charged Al,05 particularly in the pH
range from 3.5 to 8,7. This relationship will be discussed further in the

.

next section.
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2. Adsorption of PMAA-Na on a-A1203

Fig. 6 shows adsorption at various pH values, plotted as mg PMAA

adsorbed per n?

surface area of A1203. versus the iaitial amount of PMAA-~
Na added (on a dry weight of Al,04 basis). The solid diagonal line
represents the adsorption behavior that would occur if 100 7 of the PMAA
added were to adsorb. Though this plot is not of the usual form for
adsorption data, its utility in ceramic processing will become evident.

It is clearly shown that the amount adsorbed increases greatly with
decreasing pH. This behavior agrees with recent polyelectrolyte
adsorption theory developed by Van der Schee et al. 10,11 gor pH values
above the zpe, a is approximately 1 and the negatively charged sites on
the polyelectrolyte chains tend to repel each other. This repulsion
suppresses the formation of loops in adsorbed conformation. Consequently,
the polyelectrolyte chains adsorb in a relatively flat conformaticn with
each chain apparently covering a relatively large amount of surface area,
Note that polyelectrolyte tails can still exrend into solution even though
the forzmation of loops is inhibited. The determined adsorption values for
polyelectrolyte in this configuration are on the order of a few tenths of
a mg/mz. As the pH is decreased and & approaches O (Fig. 3), the poiy-
electrolyte chains become uncharged and the formation of loops in the
adsorbed configurations is, in principle, enhanced. Thus, the prcjected
surface area per adsorbed chain is relatively small, and more adsorbed
chains are required to establish a saturated monolayer. Conmonly measured
values for this type of adsorption are a few mg/m2 which is in agreement
with the experimental results.t?

Fig. 6 also shows a difference between thke adsorption behavior above
the zpc and below the zpc. For pH 9.8, there is a gradual attainment of
the saturated adsorption plateau. In contrast, for systems at pH 8.2 and
less, the plateau adsorption is reached without any appreciable PMAA
remaining in solution. Therefore, it is concluded that for pH values
near and more acidic than the zpc, the adsorption behavior is of the
'high affinity' type. Practically all of the PMAA which is added adsorbg
on the surface and the data follow the 100 % line until a saturation
plateau level is reached. Only beyond this limit does nonadsorbed PMAA
become appreciably present in solution. This observation also agrees

with the adsorption theory if an electrostatic influence on adsorption




and a negative or partly negative polyelectrolyte adsorption on a
positively charged surface are considered.11 Above the zpc, due to
similar net charges, a barrier for adsorption increasingly develops, so
that in order to adsorb PMAA, there has to exist a corresponding equili-
brium concentration of PMAA in solution. Adsorption in this region is
due to the minority of positive surface sites when the net surface charge
is negative.

Fig. 6 also shows that the presence of background salt can slightly
increase adsorption. This occurs because the background salt has an
electrostatic shielding effect between negatively charged sites on the
PMAA thereby causing the chains to behave more like uncharged polymers and
enhancing the development of loops. This type of behavior is commonly
observed in many systems and agrees with recent concepts on adsorption.l1
Even with 0.1 M NaCl concentrations, stable suspensions are achieved after
saturation adsorption occurred.

Reversibility of adsorption is indicated by the ¥ and 4 points on
Fig. 6. Under these conditions, the suspensions were prepared at the
initial pH values indicated and shaken for & hours. The suspensions were
then adjusted to desired final pH values and shaken for 20 or zore hours
prior to analysis. The system which is initially at pH 9.9 and then
adjusted to pH 8.1 adsorbs a firal amount, consistent with that obtained
when the initial pH is 8.1. This correspondence might be expected
since at pH 9.9 there is appreciable nonadsorbed PMAA in solution which
could be easily adsorbed once the pH is lowered. A change in the configu-
ration of the adsorbed PMAA may occurs but, thus far no observable changes
in the suspension behavior can be related to such changes. On the other
band, when the initial pH is 8.0 and then adjusted to 9.6, complete
reversibility is not observed but only a fraction of PMAA desorbs. This
behavior suggests that the PMAA is relatively strongly neld on the Al,04
surface. It also possibly indicates that with sufficiently extended tices
most of the PMAA might desorb, at least for pH values near and above the

zpe.




3. Comnsolidated State

The effect of incomplete adsorption and flocculation on the consoli-
dated state was determined by sedimentation and centrifugation experi-
ments. Fig. 7(a) shows that trace amounts of PMAA-Na (< 0.25 %) induces
flocculation and large sedimentation volumes. This results because the
binding energy between the particles is high and the particle clusters
that form during consolidation behave as rigid flow units and do not pack

13

densely. In contrast, at concentrations of approximately 0.35-0.50 3

PMAA-Na, the binding energy between particles is low and the particle
clusters display relatively denser packing structure.13

These data also correlate with the zeta potential determinations.
Fig. 7(b) shows that with increasing polymer concentration, the zeta
potential decreases to zero and then reverses sign. Above 0.5 % polymer,
the zeta potential approaches a nearly constant value of ~40 mV. This
value reflects the saturated monolayer of polyelectrclyte on Al,Cq.

It can be further concluded from Figs. 7(a) and (b) that small
additions of PMAA-Na (e.g., < 0.1 %) neutralize charge and induce subse-
quent flocculation. In this regime, flocculation is mainly due to
electrostatic patch model floceculation whereby flocculation takes place
because negatively charged patches due to the adsorbed polyelectrolyte are
attracted to positively charged patches of surface on nther particles.
When the molecular weight is relatively low then maxizum flocculaticen
occurs when the zeta potential is approximately zero or even still
slightly positive. This type of behavior is discussed by Bleier and
Goddard.14 In the range from 0.1-0.3 5 PMAA-Na, flocculation is due to a
combination of two effects: (1) the zeta potential is relatively low in
magnitude, and (2) incomplete adsorption results in polymer bridging where
two or more particles can be mutually adsorbed by polymer chains.

It can also be concluded that the PMAA results in more efficient
consolidation. Upon settling, pure Al,04 (0 % polymer) shows a larger
sediment volume than the system with 0.4 Z polymer added .ven though the
zeta potentials are +48 mV and -33 mV, respectively., The stability deter—
mined by settling rates and sedimentation heights do not appear to be
equal until zeta potentials of > 58 mV are reached for the pure Al,0,
suspensions. This trend means that the increased stability and dispersicn

of the 0.4 Z polymer system may be due to a steric stabilizaticn

10
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interaction in combination with the repulsion effect due to electro-
statics. These mechanisms together can be termed electrosteric.

From these results some preliminary conclusions can be made: (1)
only very minute amounts of PMAA-Na are necessary to flocculate A1203
suspensions, (2) a critical amount of PMAA-Na is needed before stabili-
zation occurs, and (3) PMAA-Na does indeed provide an enhanced stabili-

zation effect.

4. Stabiliry Map for PMAA-Na/a-Al,0, System

With the above information and the adsorption data in Fig. 6, a
stability map can be constructed. Fig. 8 is a plot of the amount of PMAA
adsorbed at the plateau levels versus pH. In other words, for any pH near
and below the zpc, it is a measure of the amount of PMAA which nust be
adsorbed to achieve a stable suspension. Regions above the curve are
'stable and dispersed. Regions below the curve are unstable and show an
onset to flocculation. The reason for the assumed steep decrease in
adsorption at pH 3.3 is because of observed viscosity decreases (Table I).
For example, as pH is decreased on samples which are initially stable, the
viscosity noticeably increases when crossing the stability/instability
boundary region. This is expected since at those lower pH values, nore

PMAA is needed to maintain a stable suspension and the subject suspensions

Table I: Rheology data at various pH's for 20 vol 2
@-A1,0, suspensions with 0.312 % (dwb) of
PMAA-Na MW 15,000.

pH n(10~3 pa-s) at 10 REM
5.2 1650
7.4 <10
8.7 <10
9.3 < 10
9.8 <10
10.2 < 10
11




are below that critical level. This process is the same as moving to the
left from a stable region on Fig. 8 and entering the unstable region.
Once the pH is decreased further to 3.3, deflocculation reoccurs and
viscosity sharply decreases and approaches that of a system stabilized at
pH 3.3 without any PMAA present. Since at pH 3.3 the suspension is stable
without the presence of PMAA due solely to electrostatic interactions, it
is believed that there is a combination of two possible mechanisms for the
observed restabilization of Al,04 below pH 3.3 in the presence of PMAA.
One explanation is that below pH 3.2 the PMAA sufficiently desorbs since
this is also the pH at which the PMAA loses its negative charge and its
configuration and electrical state approach those of a neutral polymer
with a greatly diminished driving force for adsorption (Fig. 3); it may
even approach its solubility limit. Concurrently, some PMAA may still be
adsorbed but the effectively neutral polymer layer may be small enough so
that the electric double layer (formed by the highly positive Al,0,
surface) may extend past the polymer layer. In this way. electrostatic
stabilization due to electric doubie layer interactions can still occur.
Table I illustrates the transition from stability to instability
based on viscosity measurements. A series of samples with 0.312 § PMAA
was prepared at various pH values., Viscosities above pH 7 were < 1072
Pa-s while the viscosity at pH 5.2 was more than two orders of magnitude
greater, indicating flocculation. This is in agreement with Fig. 8 which

shows a stability/instability transition at ~ pH 7 for 0.312 % PMAA.

IV. CONCLUSIONS

1. The adsorption behavior of polymethacrylic acid on alumina depends
on solvent conditions and the charge characteristics of the PMAA
and the Al,0, surface: As pH is decreased, the adsorption of PMAA
increases until insolubility and charge neutralization of the PMAA
is approached; for pH values near and below the zero point of
charge for Al,04, there is an added electrostatic attractive
potential for adsorption which results in a high affinitv type

adsorption behavior.




For pH values near and below the zpc, PMAA adsorbs and may induce
flocculation until an adsorption saturation limit is reached and
the binding energy between particles is reduced below a critical

level.

Once saturation adsorption occurs and stability is achieved, the
PMAA induced stabilization exhibits an enhanced stability,
compared to suspensions stabilized electrostatically without the

polyelectrolyte.

The stability map introduced here is a userul processing tool for
tailoring suspensions with varying amounts of polymer, depending on
the desired properties. For instance, if higher concentrations of
polymer are desired, perhaps for high mechanical strength in the
consolidated state, acidic conditions would be recommended.

However, if dispersion is ultizately important and the effects of
the adsorbed polymer are not desired, basic conditions would be more
suitable. The knowledge gained from the stability map is necessary
to predict the amount of polymer necessary to stabilicze aqueous
alumina suspensions at varicus ph's for any known surface area and

well-defined zpc.
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FIGURE CAPTIONS

Schematic of a PMAA-Na segment and the dissociation reaction.

(a) A typical titration curve for PMAA-Na and its corresponding
first derivative plot; and (b) linear relationship between the
amount of PMAA~Na titrated and the meq of titrant corresponding

to the distance between the peaks in (a).

Fraction of acid grcups dissociated versus tH as a function of

salt concentration for PMAA~-Na salt, MW 15,000.

pQ versus the fraction dissociated as a function of salt

concentration for PMAA-Na salt, MW 15,000.
The relative surface charge versus pH for the a-A1203 powder,

The amount of PMAA-~Na salt adsorbed on awAlzo3 as a function of

the initial amount of PMAA-YNa added.

(a) Sedimentation height; and (b) zeta potential versus % PMAA-Na

for 2 vol % suspensions of x-Al,04.

Colloidal stability map of a-Al,0q (20 vol I) suspensions as a

function of adsorbed PMAA-Na salt and pH.
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ABSTRACT

Stability and rheology of aqueous a-Alq0z suspensions with Nat salt
of polymethacrylic acid (PMAA-Na) and polyacrylic acid (PAA)} polyelectro-
lytes was studied as a function of pH, solide loading, and molecular
wetght. Past work has found polyelectrolyte stabilized suspensions to be
fairly pH independent at low (e.g., 20 v/0) solids loadings. However, we
nov show that the effective pH range to provide dispersed and fluid sus-
pensions narrows as the concentration of solids increases. At high solids
levels the presence of excess polymer in solution has detrimental effects
on stability which increases with imcreasing molecular weight. Finally,
with knowledge of the above concepts highly concentrated fluid suspensions
of 60 v/o Aly0; (> 85 w/o) with submicron size particles have been
processed. Higher consolidated densities and reduced sintering tempera-
tures are attained when compared to more conventional processing
techniques.

* Presented at the 88th Annual Meeting of the American Ceramic Society,
Chicago, IL, April 30, 1986 (#41-BP-86),




I. INTRODUCTION

Polyelectrolytes are widely used in industrial applications to
prepare highly concentrated (> 50 v/o) ceramic suspensions which are
subsequently fabricated into dense components by sintering., Although a
variety of polyelectrolytes are commercially available and are used
effectively in the preparation of suspensions, their role in colloidal
stabilization has not been clearly understood.

In this paper, we aim to provide a clearer understanding of particle
dispersion with adsorbed polyelectrolytes and relate it to the surface
chemistries of the suspended particle sirfaces and the polyelectrolyte.
Aqueous oxide suspensions will be considered as a general example, The
particular emphasis will be on the dispersion of 4-Al,04 suspensions with
polymechacrylic acid (PMAA) and polyacrylic acid (PAA).

It is also an aim of this paper to describe the methodology of using
polyelectrolyte stabilization for the processing of very highly concen-
trated (60 v/o) aqueous ceramic suspensions. This was studied with model
expericents with submicron size alumina which determined the guidelines
for the selection of a proper pH range and related rheological behavior to
molecular weight. Finally, sintering behavior of compacts prepared by

these techniques is compared to more conventiocnal methods of processing.

II. BACKGROUND INFORMATION

For information concerning polyelectrolytes, surface charging of
oxides, and related adsorption behavior of polyelectrolytes on oxides, the
reader is referred to Ref. 1, The following discussion pertains to the
particular aqueous system of aluminum oxide particles and polymethacrylic
acid -Na* salt (PMAA-Na) and is 2 summary of the work described in Ref. 1.
The structure of PMAA is shown in Fig, 1.

For PMAA alone, each molecule has many carboxylitc acid sites or
functional groups and depending on the solvent conditions (i.e., pH and
ionic strength), the fraction of functional groups which are dissociated

(i.e., COO”) and those which are non-dissociated (i.e., COOH) will vary.




As the fraction dissociated (&) increases from = 0 to = 1.0, the polymer
surface charge varies from relatively neutral to highly negative. In
general, for PMAA and other polyelectrolytes which have carboxylic acid
groups as the functional groups, the dissociation and negative charge
characteristics of the polymer increases with increasing pH.z For PMAA at
pH values of > 8.5 the molecules are effectively negative with a =1, 1In
this condition, experimental evidence shows that the PMAA molecules are in
the form of relatively large expanded random coils in solution. This
results from electrostatic repulsion between the negatively charged
surface sites. As pH is decreased, the number of negatively charged sites
also continually decreases until the PMAA is effectively neutral near pH
3.4 and o - 0. In this condition the PMAA chains approach insclubility
and form relatively small coils or clumpsﬁ

In general, for oxides the relative charge density {(c) on the surface
of the particles also varies with pH but in a different manner than the
charging of anionic polyelectrolytes. For oxides, at every pH, there are
large numbers of negative, neutral, and also positive surface sites, The
value gives the overall net charge density. At low pH values positive
sites are in the vast majority and therefore ¢ is positive. At high pH,
negative sites are in the majority and o is negative. At the zero point
of charge (zpe), 0 = O which occurs when the number of positive sites
equals the number of negative sites. For a-A1203. the zpc is at approxi-
mately pH 8.7.

The comparison of the charging behavior of PMAA and A1203 with pH
leads to an obvious conclusion that the saturation limit of PMAA
adsorption on Al,;05 should be significantly affected by pH. Fig. 2 is a
plot of the amount of PMAA adsorbed at the saturation 1levels versus pH.
The amount of PMAA which must be adsorbed to achieve a stable suspension
increagses with decreasing pH. Regions above the solid curve are stable
and dispersed. Regions below the curve are unstable and show an onset to
flocculation. The regions below pH 4 are discussec in Ref. 1 and thus
will not be discussed in this paper.

In order to expand the concepts for different 'solids concentrations,
pH, and polyelectrolyte molecular weight, and to use these concepts for

processing of these suspensions, more experiments were conducted using

polyelectrolytes and colloidal a=Al;0,.




III. EXPERIMENTAL

1. Materials and Chemicals

The ceramics used in this study were of very high purity (>99.995%).
submicron size, arnd relatively monodispersed (0.2-1.0 .m) a-Al,703 powders
(AKP 20 and AKP 30).* The average diameter measured by an x-ray
adsorption/sedimentation technique* was 0.52 um for AKP 20 and 0.41 um for

AKP 30, The average surface area as measured by standard B.E.T. Ngy

adsorption§ was 4.5 mzlg for AKP 20 and 6.8 m2/g for AKP 30.

The polyelectrolytes used were the Na* salt of polymethacrylic acid
(PMAA-Na) with an average molecular weight of 15,000 and polyacrylic acid
(PAA) of various molecular weights (1800, 5000, and 50.000).'Y These
polyelectrolyte structures are shown in Fig. 1.

The water used was distilled and deionized. The pH was adjusted with
standardized analytical grade HCl and NaOH solutions (1.0 and 0.1 N).

Analytical grade NaCl was used to adjust the ionic strength as desired.

2. Experimental Methods

(A) Viscosity Measurements: Viscosity measurements were done with a
rotary viscometerfrwith a small sample chamber. To determine the
relative magnitulde of viscosity and whether the suspensions were
flocculating or stabilized, the following rheological measurement method

wag used:

(i) Each suspension was initially sheared at a relatively high shear rate
of 93 sec”l. This ensured that permanent particle clusters (if any)

wvere dispersed;

*Sumitomo Chemical America, Inc., lew York, NY.

+Micromeritics, Norcross, GA (Sedigraph 5000).

§Quantachrome Company, Syosset, NY (Quantasorb)

fPolysciences, Inc.,, Pittsburz, PA.

++Brookfield Engineering Laboratories, Inc., Stoughton, MA (Digital
Viscometer, Model RVTD).
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(ii) The shear rate was then decreased every 30 seconds in 8 increments
down to 0.46 sec™! and the viscosities recorded;
(iii) The suspensions were then allowed to sit at 0.46 sec™! for 10 min. so
that nucleation and growth of particle clusters could occur;
(iv) The shear rate was then increased in 8 increments back up to 93 sec”!

and the viscosities recorded again.

Large differences between the initial rate sweep and the latter rate

sweep were assumed to be due to flocculation (i.e., the nucleation and

growth of particle clusters). The magnitude of the viscosities was taken

as a relative measure of the fluidity of the suspensions as related to the

particle interaction energy and the degree of particle clustering.

(B) Zeta Potential and Interparticle Repulsive Potential Calculations:
Zeta potential (;) was calculated by using the measured electrcphoretic
mobility* and Henry's equation5 with Qverbeek's correction if necessaryﬁ
This correction takes into account the value of xa, where < is the inverse
screening length and a is the particle diameter, In general, as the ionic
strength of a suspensicn increases so does xa. For the purpose of this
paper, the actual polyrmer chains were not included in the calculation of
a; however, their associated ions were included. These measurements can
only be completed on very dilute suspensions. Therefore, it was very
important that the suspensions were centrifuged and the supernatant care-
fully decanted into a beaker. Then a portiom of the sediment was removed
with the supernatant, Prior to taking the measurements, the new dilute
suspensions were very briefly ultrasonicated and magnetically stirred to
ensure that only singlet particles were measured. At least ten measure-
wents were completed for each sample to ensure accuracy.

The calculations of interparticle repulsive potentials (Vr) were done
according to Ref. 7. Since for any given powder the attractive potential
is the same, it is only necessary to compare the values of Vr for quali-
tative arguments concerning interparticle potentials. Comparisons of V.

are made at a particle separation distance of 100 &.

*Rank Brothers, Bottisham, Cambridge, England (Micro-Particle Electrophor—

esis Apparatus Mark II).




(C) Processing of Suspensions for Sintering: Both the AKP 20 and AKP 30
a-Al,04 powders were dry pressed, slip cast, and simply air cast (dried)
in plastic molds. The dry pressed pellets were approximately 2.564 cm in
diameter and pressed biaxially at 51.8 MPa. The slip cast samples were
prepared from 50 v/o suspensicns and cast between two slabs of plaster.
The suspensions were prepared with a commercially available form of
PAA—!-IH.,‘+ (M. 5,000)" and the pH adjusted to 8.8 with small amounts of
citric acid. The air cast samples were made by pouring 5 ml of very
highly concentrated PAA—NHA+ stabilized Al,04 suspensions (¥ 60 v/o) inte
plastic molds and allowing them to dry. All of the samples were then
sintered in air. The samples were held at the maximum temperatures :or
one hour. The heating and cooling rates were 30C°C/h. The sintered

densities were measured by a standard alcohol immersicn zethod.

IV. RESULTS AND DISCUSSION

1. Viscosity vs. pH

Fig. 3 shows the effect of pH on viscosity for stabilized suspensions
at various solids loading., Using Fig. 2 for representation, all of these
suspensions are in the stable region but still relatively close to the
stability boundary.

In 20 v/o A1203 suspensions, all of the stabilized systems have very
low viscosities and the difference between suspensions stabilized at pH 4.5
and 10 are minimasl. As the v/o solids increase, the magnitude of viscosity
also increases while the effective pH range gets smaller (Fig. 3). In all
cases the minimum in viscosity occurs at approximately pi 8.8. The reason
for the increase in viscosity at higher pH is because of the presence ot
excesg polymer remaining in solution due to the adsorption behavior of the
polyelectrolyte which is no longer high affinity type adsorption at high
pH.1 This leads to high viscosities in concentrated suspensions where the
amount of water is small. Problems associated with excess polymer in

solution will be discussed more fully in a following section. At lower pH,

#*R, T. Vanderbilt Company, Norwalk, CT.




viscosity again increases because of two related phenomena., As the pH
decreases, the amount of polyelectrolyte necessary to provide stabilization
increases (Fig. 2) while at the same time the polyelectrolyte chains

beccme less dissociated.1 This leads to two problems. First, with less
dissociation the negative charge characteristics of the polyelectiolyte
decreases and the relative solubility of the polymer also decreases.!

This leads to a situation where the adsorbed polyelectrolyte has less
negatively charged functional groups extending into solution and therefcre
decreases the magnitude of the electrosteric repulsive barrier between

patticles.l'8

Secondly, as the amount of polyelectrolyte increases, the
concentration of ions associated with the polyelectrolyte and ions due to
pH adjustment also in:reases and therefcre reduces the electrostatic
portion of particle repulsion.

These effects become more apprecizble at higher solids concentraticnas
since the particle repulsicn necessary to provide stabil:ity increases with
increasing solids concentrations.? For exarple, for a 20 v/o suspension
at pH 3.5, the v/o solids is relativeiy low; and., under these conditicns
of polyelectrolyte dissociation and ionic strength, the binding energy
between particles is low enough to prrevent the nucleaticn and growth of
particle clusters and the resultant viscosity remains low. In contrast,
for a 40 v/o suspension at pH 5.5, the binding energy between particles is
lcw enough to prevent permanent clusters but high enough to irduce a large
increase in viscosity. To have more fluid and stable suspensions at
higher solids concentrations requires adjustment to a more optimum pH
where the adsorbed polyelectrolyte is more fully dissociated and ionic
strengths lowered so that a more effective electrosteric repulsion can
exist between particles. These concepts will be revealed in more detail
in the following section. It should be noted that for this system the
optimum pH seems to be at pH ~ 8.8, This pH is where the minimum in
viscosity occurs (Fig. 3) and coincides with the point at which the poly-
electrolyte is fully charged and maintains maximum solubility while high
affinity type adsorption still occurs and the ionic strength is relatively
low. Under these conditions the amount of polyelectrolyte in solution is

small and the binding energy between particles is low.




2. Relating Interparticle Forces to Rheological Behavior

Table I shows a summary of data relating interparticle forces to
rheological behavior for 40 v/o AKP 30 suspensions stabilized with PMAA-
Na*. The polymer ratio is a measure of the amount of polymer added in
relation to that necessary for adsorption saturation according to Fig. 2.
The value of «a is a relative measuse of the ionic strength of the
solution. As «a increases ionic strength increases and as a reference for
this system, a3 xa value of 425 is equivalent to a 0.1 M NaCl solution.
The ¢V, values are a relative measure of the repulsive potential between
particles due solely to calculated electrostatic repulsion at a separation
distance of 100 A. The 7y to 7y values are a measure of the change in
viscosity over a period of =10 min at a shear rate of 2.3 s—l, and the
ccmments S, §, and SF are equalitative observations meaning stable,
flocced, and slightly flocced, respectively.

The information in Table I can be usec tc provide soce preliiainar:
conclusions relating to interparticle fecrces. First of all, the tost
deonminant cause for flocculaticn in polyelectrolyte stabiliczed suspensions
is incomplete adsorption which provides a driving force for particles to
cluster together in an effort to form saturated amonolayers. This is
clearly shown in Table I in that in all cases where the polymer ratic is
<1.0, flecculation resulted even though the zeta potentials and
electrostatic repulsive forces are reldtively high. The best examples
tabulated are at pH 9.5 for a polyzser ratio of 0.55 and at pH 8,1 for a
polymer ratic of 0.76. It may also be concliuded that once enough polymer
has been adsorbed there is a stabiliczation effect due scleily to the
polyelectrolyte even in the absence of repulsion due to electrostatics.
This is especially apparent for samples at pH 8.1 w/NaCl and pH 6.5 where
Vt £ 9; but, stable fluid suspensions resulted. Further evidence for the
stabilizing effects due to the polyelectrolyte is that for the same 40 v/o
system in the absence of polymer an electrostatic value of ¢V, =3 jis
necessary to induce comparable levels of stability and viscosity as those
found for PMAA stabilized suspensions at pH 8.8 with a eV, value of 0.7.10

Another important aspect of polyelectrolyte stabilization is that the
resulting zeta potential of stabilized suspensions tabulated in Table I can
be directly correlated to the charge of the Al,05 particles, amount of

polyelectrolyte dissociation, and the amount of pclyelectrolyte adsorbed cn




the surface. This concept is represernted in Fig. 4 which shows the zeta
potential (;) and relative number of dissociated COO” polymer sites (RNS)
versus pH. The RNS was calculated by multiplying the amount of adsorbed
PMAA (Fig. 2) times the percent of COOH groups dissociated (measured in

Ref. 1). This quantity effectively represents the number of negative sites
which are available to charge a particle surface. If there is no
electrical interaction between the charged polymer and the particle

surface, then (;) should ideally correspond directly with RNS, However,
this system has electrical interactions with the particle surface; there-
fore, Fig. 4 shows that the combination of RMNS and the influence of particle
surface charge determine the resulting zeta potential. Fig. 4 was con-
structed so that RNS and ° crossover at pH = 8.8 since this pH is very clcse
to the zpc of the A1203; and, therefore, the overall net charge of the Al,C3
will have 4 minizal contribution to the observed ;. As pH decreases to
8.1, RNS increases and - increases slightly as expected, Hcwever, at ¢

6.5 RNS is at a maximum while ., decreases appreciably. From this it zay b
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concluded that below the zpc the excess positive surface sites on the Al,0;
begin to neutralize excess negative sites on the polyelectrolyte and the
effective °, i3 lower than expected. This behavior is shcwn to continue to
lcwer pHs; however, it is expected that for pH ¢ 3, the | will be cetermired
only by the Al,0q surface since " and RNS approach 0. However, Ior pH < 3,
the 7 will probably still be lower than expected due to the physical
presence of an adsorbed neutral polymer layer. At pHs above the zpc¢, the
is slightly larger than expected from the RNS values. This suggests that
above the zpc the excess negative surface sites on the Ala0Oj beccze
additive to the excess negative sites on the polymer. A note that should
be emphasized here is that for this system the 7 is a strong contributing
factor to the overall suspension viscosity but not the sole determining
factor. The maximum ; is at pH 8.1; however, the best suspensions in terms
of stability and viscosity are observed at pH 8.8-9.0. In gener-l, the
data from Table I and Fig. 4 show that for 40 v/o susvensions, ionic
strength only slightly affects polyelectrolyte stabilized systems, but
still a -, of > |20} mV is necessary for stabilization. The -20 =V gives an
indication that the polyelectrolyte is still charged and has negative
soluble functional groups extending into the solvent so that an enthalrpic

steric stabilization mechanism can be functional along with an

—n




electrostatic stabilization mechanism.

3. Viscosity vs. Amount of Polyelectrolyte

Fig. 5 shows the viscosity of 50 v/o AKP 20 Al,03 suspensions (pH 9)
versus the amount of PAA added for various molecular weights. For each
sample the viscosity was recorded at time = O and 10 min at a shear rate
of 9.3 5™}, Increases in viscosity (connectad by tie lines) show that
flocculation is occurring in the suspensions. For each molecular weight,
there is a critical amount of polymer that must be added before stabili-
zation and low viscosities result, This corresponds to the satruration
adsorption limit of the polyelectrolytes on Alzo3 and is in agreement with
the previous discussion concerning the stability map in Fig. 2.

Since the amount of polyelactrolyte necessary for stabilization
increases as the molecular weight increases, this is an indicaticn that
the adsorbed layer thickness may also be increasing with molecular weight.
This may have substantial effects for more highly concentrated suspensions.

Further additions of polymer, past the adsorption saturation limirt,
orly serves to provide excess polymer in solution. As shown in Fig, 5,
the rheological effects due to excess polymer are much more drastic as the
molecular weight increases. This can be seen in two respects., First, the
viscosizy of polymer solurions is preportional to the size of the indivi-
dual polyzer coils squared} Therefore, as the molecular weight increases
the viscosity of the aqueous soluticn part of the suspension dractically
increases. Secondly, it is observed that as the molecular weight
increases a more pronounced thixotropic effect occurs due to the excess
polymer., This is the result of a destabilization mechanism called
depletion £locculation.Be11 Basically depletion flocculation is the
result of an osmotic pressure increase due to the polymer in solution.

This effect increases with increasing molecular weight.

[ Processing of Polyelectrolyte Stabilized Suspensions

Using the concepts previously discussed, fluid A12c3 suspensions with
60 v/o solids (> 857 by weight) Jere made with viscosities cf ¢ 0.4 Pa.s
at 100 s~1. To show the advantage of increasing the solids concentration
in suspension, some samples were cast in plastic molds from 40 te 60 v/o

suspensions and then sintered at 1400°C for 45 min. Due to the reduced
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volume fraction of solids and longer casting times for the 40 v/o
suspensions, it is expected that loag range particle segregation took
place.12 This resulted in slightly lower green densities for the 40 v/o
suspensions by = 2%. This also became apparent after sintering when all
of the sarples made from the 40 v/o suspensions consistently resulted in
3-6% lower sintered densities regardless of the powders used.

To more clearly show the possible benefits of processing with highly
concentrated suspensions, two powder systems of high purity a-Al,04 were
processed by pressing, slip casting 50 v/o suspensions, and casting
£ 60 v/o suspensions in plastic molds. Then the sintering behaviors were
compared; and, the results for AKP 30 A1203 are shown in Fig. 6. Figure 6
shows clearly that processing from highly concentrated polyelectrolyte
stabilized suspensions leads to higher consolidated densities and that
these benefits carry over in the form of reduced sintering temperatures.
The samples processed from 6C v/o suspensions had a consolidated density
of 65.82 theoretical and sinrered to 99% theoretrical at 1350°C. For an
A1203 powder with a relatively low surface area of 6.8 mz/g this is a very
low sintering temperature. In contrast, filtration channels cause the
development of excess voids in slip cast microstructures and higher
sintering temperatures are required for the elimination of these voids 13
And as expected, the local density variations and inefficient particle
packing caused by dry pressing require even higher temperatures fcr

complete void elimination.

CONCLUSIONS

In highly (> 50 v/o) concentrated Al,0q suspensions stabilized with
PMAA, a viscosity minimum is observed at pH Z 8.8. This coincides with
the pH at which the polyelectrolyte is fully charged and maintains maximum
solubility while high affinity type adsorption still cccurs and the ionic
strength is relatively low. .

3elow pH ~6.8, the viscosity increases because of a decrease in the

«+iwe charge characteristics of the adsorbed polyelectrolyte and a

1:e 12 the electrosteric repulsive barrier between particles. Above
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pH = 8.8, viscosity increases because high affinity type adsorption behavior
is lost and excess polymer in solution becomes appreciable. Excess polymer
can also lead to depletion flocculation and this effect becomes greater as
molecular weight increases.

Polyelectrolyte stabilization can exist even in the absence of
appreciable electrostatic repulsive forces due to conditions of relatively
high ionic strenmgth. However, even though polyelectrolyte stabilization
can exist with low levels of electrostatic repulsion it is necessary that
an appreciable zeta potential be present on the particles. The actual
zeta potential built up on particles due to polyelectrolyte adsorption is
a function of the amount of polyelectrolyte adsorbed, the fractionm of
polyelectrolyte dissociation, and the surface charge of the bare particle.
For anionic PMAA and Al,05 at pHs below the zpc of Al,03, the actual zeta
potential is less than expected from the adsorved PYAA due to the cancel-
lation effect between the negative PMAA and positive Al,0q surface. At
pHs.above the zpc there is an additive effect between the negative PMAA
and the negative surface which yields a larger zeta potential than
expected from the zmount of PMAA adsorbed.

In general, by understanding the chemistries of the polyelectrolyte
and particle surface, polyelectrolyte adsorption behavior, and polyelec-
trolyte rheological effects one may control the viscosity and rheology for
all solids levels., If it is desired to work at low solids but still
prevent problems due to segregation then the proper polyelectreclyte
conditions can be tailored for a high viscosity thixotropic suspension.

If full dispersion and high solids is desired then again the poly-

electrolyte conditions can be tailored.
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FIGURE CAPTIONS
Figure 1: Schematic of PMAA and PAA polymer segments.
Figure 2: A stability map showing the amount of adsorbed PMAA-Na required
to form stable suspensions of 20 v/o AKP 30 4-Al,03 35 a

function of pH.

Figure 3: Viscosity at 9.3 s™! versus pH for PMAA-Na stabilized AKP 30

@-Al,04 suspensions from 20 to 60 v/o solids concentrations.

Figure 4: The relative number of CO0” polyelectrolyte sites and zeta

poteutial versus pH for 40 v/o AKP 30 a-Al1,0, suspensions at pH 9.

Figure 5: Viscosity versus the amount of PAA added for various molecular

weights for 50 v/o AKP 20 a-Al,0, suspensions at pH 9.

Figure 6: The sintering behavior of AXKP 30 a~Al,04 for various preccessing

techniques.
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EFFECT OF FREE POLYELECTROLYTES ON STABILIZED AQUEOUS
SUSPENSIONS

M. Yasrebi, I.A. Aksay, and J. Cesarano
This paper will be submitted and published in the near future.

In this paper, we examine how the addition of a low concentration of free polymethacrylic
acid (PMAA) and polyacrylic acid (PAA) effects the stability of a-alumina aqucous suspensions.
The PAA we used in the experiments consisted of various molccular weights. Based on optical
observations and sedimentation experiments, we have found that low concentrations of the
above polyelectroiytes can flocculate the stable suspensions. [Furthermore, our cxperimental
cvidence suggests depletion flocculation as the prime
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PHASE STABILITY AND STRUCTURES IN COLLOIDAL SYSTEMS

M. Yasrebi and I.A. Aksay
This paper will be submitted and published in the near future.

In this paper, we discuss the eflect of zeta potential and particle concentration on the
microstructure of colloidal suspensions. We studied these cffects by making viscosity measure-
ments in aqueous a- A5O3 suspensions. We show here that viscosity mcasurement is a suitable
technique for studying structural formation in the suspension. In addition, we detected transition
between different states of colloidal suspension and plotted a phasc diagram. [Finally, we discuss
the correlation between the experimental data and the theoretical calculations of the colloidal
phase diagram.
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FUNDAMENTALS OF POWDER CONSOLIDATION IN COLLOIDAL SYSTEMS!
Dhan A. Aksay

Department of Materials Science and Engineering
University of Washington
Seattle, Washington 98195 U.S.A.

Abstract

Although colloidal dispersion technigues are useful in the elimination of unwanted particle
clusters, during transitions from the dispersed to the consolidated state. particle clusters
Jorm again. We discuss these transitions with a phase diagram that outlines the stability
regions of dispersed’ and consolidated states. The size and the picking arrangement of
the particle clusters that form during consolidation can be controlled by the consolidation
procedure followed. Due to the formation of these clustered structures. a narrow pore size
distribution is not easily obtained. Advantages of using polydisperse particle size systems
are illustrated.

1.0 INTRODUCTION

In ceramic processing, powder consolidation and sintering is generally preferred over other
techniques (i.e.. melt-solidification and vapor deposition) for either economic reasons and. ot for
its advantages in controlling the microstructure and thus the properties of polycrystalline and
polyphase composite systems. In this endeavor for microstructural control through sintering.
the most fundamental processing steps are (i) processing or selection of the raw materiais in
powder form. (ii) consolidation of powders either with the use of liquid suspensions or dry
pressing techniques. and (iii) densification of powder compacts with the application of heat
and/or pressure. The character of the final product is affected by ali the steps of this processing
chain (Fig. 1).!"} In a fundamental approach to processing, we must understand not only the role
of the powder characteristics. but also the role of the consolidation technique and the sintering
path on the final microstructure.

These issues are by no means new research topics. In the field of traditional clay-based
ceramics, experience as well as research findings have long favored the use of cotloidal suspension
(slip) techniques to control not only microstructural uniformity but also to fabricate complex
geometries that could not easily be processed by dry pressing techniques. * Further, the use of
wide particle size distributions has traditionally been favored 1o achieve high packing densities
and thus to lower sintering temperatures. 3

'Invited contribution to the seminar on “Ceramics: Today and Tomorrow,” of the 20th Anniversary of the Basic
Science Division of the Ceramic Society of Japan, Kobe, Japan, November 27, 1985.
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Fig. 1: Various processing paths followed in powder consolidation. Suspension route is
used to eliminate unwanted particle clusiers (agglomerates). Gelation route is for particles
smaller than ~ 75nm.

In contrasi. in the field of modern ceramics. the importance of using colloidal dispersion
and consolidation techniques has not received wide recognition until recent years. Presentiy.
various research laboratories throughout the world have active programs on the processing,
# This renewed interest
in the colloidal approach to processing is mainly a consequence of the reaiization that unwanted
inhomogeneities introduced into a powder compact during the presintering stages generally

remain in the finished product as defects.:>:6

colloidal dispersion and consolidation of submicrometer size powders.

As a result of this renewed interest in the colloidal processing approach. significant advances
have aiready been made. ™® In the following sections. we review the recent advances on the
consolidation of powders by colloidal techniques and outline the guidelines that must be fol-
lowed for the microdesigning of ceramics. Although these recent findings, in most part. are in
agreement with our past experience on clay-based systems, we hope that the new interpreta-
tion of the colloidal consolidation processes presented here will establish the impetus for future
developments.

Our discussion in Section 2 will start with the colloidal consolidation behavior of nearly
monosize. spherical particles in the size range larger than 0.1um. In Section 3, we will illustrate
that although monosize particles serve a useful role in model studies. as in the traditional
approach. there are clear advantages to using polydisperse particle size systems when the goal
is to complete densification at lower temperatures with minimum amount of grain growth. The
directions that must be taken for future developments are outlined in Section 4.
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2.0 COLLOIDAL PHASE TRANSITIONS

The use of powders in the submicron size range is preferred in order to increase the driving
force for densification and also to form fine-grain microstructures. However. a key problem that
arises with the use of submicron size powders is their tendency to form uncontrolled clusters
due to van der Waals attractive interactions. Immediate consequences of uncontrolled clustering
are that: (i) mixing of multiphase systems becomes difficult. and (i) packing density variations
associated with these clusters impede densification (Fig. 2).

The first stage of colloidal processing is the preparation of a stabie suspension (i.e.. colloidal
fluid or slip) by developing repulsive barriers between particles. The goal in the first stage is to
break up or eliminate unwanted particle clusters. The goal in the second stage is to consolidate
the particles to achieve a desired spatial distribution and packing density.

In the following sections, we will first outline the methodology of preparing dispersed sus-
pensions by controlling particle interactions. Next. we will outline the transitions from dispersed
to consolidated states with a phase diagram. Finally, we will illustrate that during transitions
from the dispersed to the consolidated state. particle clusters will form again. However. unlike
the particle clusters we wanted to eliminate in the first stage. the type of clusters formed during
colloidal consolidation is now under our control.

AR
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Fig. 2: Scanning electron micrograph of an Al30:, ZrO composite. Although
this composite was hot isostatically pressed at 1500°C and 207 MPa for 1 hr. low
density regions still remain.
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2.1 Particle Interactions and Dispersed Colloidal State

Dispersion in a colloidal suspension is commonly accomplished either by generating an ionic
cloud around the particles and/or by coating the particles with polymeric or macromalecular
material. In the first case, electrostatic repulsion arises when ionic clouds overlap: and in
the second case, steric repulsion is effective when the adsorbed polymer sheaths begin to fold
back or interpenetrate. The fundamentals of electrostatic. steric. or the combined electrosteric
repulsion mechanisms and the methodology of developing these barriers are discussed in various
text books and review articles. 19! The details will not be repeated here. For the purposes of

our discussion, the important aspect is the role of repulsive interactions in counteracting the
van der Waals repulsive interactions.

As illustrated with the case of electrostatic repulsion in Fig. 3. the combined form of the
interaction potential between particles can be continuously varied by monitoring one or a com-
bination of the parameters that affect the repulsive interaction. The case illustrated in Fig. 3

5 — ——
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Fig. 3: [a) Variation in interparticle potential for electrostatically interacting 1.0um

diameter particles at surface potentials ranging from 10 to 100mV. H is the surface to
surface separation distance. Calculations were done for a double layer thickness of 10~ %cm

and Hamaker constant of 107'YJ. (b) Interaction potential at a separation distance of
0.04um as a function of ¢?
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is the effect of surface potential (expressed as zeta potential, ¢){° on pair potential. An important
relation to note here is the approximate dependence of interparticle binding energy on ¢-potential
by the following proportionality (Fig. 3(b}):

E~ 75, (1)

Clearly, ¢-potential is not the only parameter that can be used to regulate the pair potential.
In the case of steric stabilization. this goal is achieved by controlling the extent of polymer
adsorption on the particle surface. In all cases. the first key requirement for the preparation
of dispersed suspensions is to reduce £ at the point of particle contact. ! By increasing ¢
above a critical value (e.g.. througn pH regulation in aqueous systems). nucleation and growth
of particle clusters can be prevented.!*! However. maintaining a low £ value alone is not the
only requirement for the preparation of dispersed suspensions. As detailed in the next section.
for a given E. the dispersed state will be retained only up to a critical particle concentration.

2.2 Phase Equilibria in Colloidal Systems

In the traditional sense. the onset of the cluster nucleation and growth process corresponds to

. the transition point from dispersed to the flocculated state. From a fundamental point of view.

we will use the terms colloidal fluid and solid in analogy to the &uid and solid states in atomic
svstems. In this approach. the dynamics of particle clustering is the central issue. Transition
from the embryo to the critical nucleus and growth stage is considered to be the main distinction
between the fluid and solid states.:!®> In certain cases (e.g.. injection molding} the structure of
the fluid may be retained in the solid state by a process analogous to glassy phase formation in
atomic systems.

The main advantage of viewing the process of particle clustering in colloidal systems as
analogous to the nucleation and growth in atomic systems is that we can now outline the
stability regions of colloidal Auid and solid states in the phase diagram forms familiar to us in
the atomic systems. The theoretically calculated phase diagram for a one component colloidal
system (1.c., monosize spherical particles with one type of pair potential) illustrated in Fig. 4
is our first attempt to achieve this goal."1*! Here. the stability regions of colloidal fluid and
solid states are outlined as a function of two intrinsic variables: (i} the reduced temperature.
kT /E. where k is the Boltzmann constant, T is the thermodynamic temperature, and E is the
binding energy between particles; and (ii) the particle number density, p. of the suspension.
In the phase diagram. the temperature scale is normalized by the particle-particle interaction
potential. ' Similarly, the density scale is normalized by the density of the first generation
of particle clusters. In the case of dense packing of monosize spherical particles, the packing
density of first generation particle clusters is 0.74.

The form of this phase diagram is not unique when we work with atomic systems. It is
unique in colloidal systems in the interpretation of the reduced temperature scale. In atomic
systems, the reduced temperature scale is only proportional to the thermodynamic temperature
T since the pair potential in a given system is usually fixed. However, in colloidal systems. the
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interaction potential can be easily varied. As discussed above. in the case of electrostatically
interacting systems, Eq. (1) can be used to express the reduced temperature as:

o

Tr = kT/E = {¢/50)"
where ¢ is a normalization constant.

In the phase diagram. the colloidal fAluid region above the critical point CR is labeled as
colloidal gas when the suspension particle number density is low and as colloidal liquid when
the density is high. In this range. the density change (e.g.. along Path | from G to L) from the
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colloidal gas to the liquid state is continuous and the change is not recognized as a first order
transition. However, when the density of the liquid-like state exceeds a certain density L., a first
order transition to a solid-like state starts with the nucleation and growth of particle clusters.
When we work with monosize spherical particles, these first order transitions are referred to as
disorder-order trapsitions.:'% The ordered state is often recognized by its opalescent propercy.!6
With polydisperse systems. the opalescent property can be lost: however. the transition can still
be recognized through variations in other properties. ¢.g.. rapid viscosity increase at a critical
particle concentration.™:

In contrast ta the process aiong Path 1. if we follow Path 2 from G to G’ {e.g.. by changing 5-
potential as described above). first order transitions from gas- to liquid- and solid-like states are
observed at much lower particle concentrations. '438 In the traditional ceramics language. this
colloidal fluid region above CR is where we prepare a slip or suspension at low viscosities and
high solids loadings. However. below the critical point. the slip or colloidal fluid region narrows
to low particle concentrations and thus is not suitable for the preparation of highly concen:rated
suspensions. YWhen part of the suspending medium is eliminated. the slip is transformed to a
consolidated state when the particle concentration exceeds the critical concentration iine outiined
in the phase diagram. Regardless of the path followed. the transition from a coiloidal tluid to
solid state is a nucleation and growth process of particle clusters: thus. we must next understand
the structural variations associated with the multipie clustering of the first generation particle
clusters.

2.3 Hierarchically Clustered Colloidal Solids

In Fig. 5(a). we plot the packing density of monosize (0.8um) silica particles as a function
of ¢* [i.e.. kT E) as determined by gravitational settling.'¥" Here. . is the ¢-potential at the
critical point of the phase diagram presented in Fig. 4. A unique feature is the existence of
two distinct densitv regimes with respect to this critical ¢-potential. In the supercritical regime
(s > §e). the packing density is ~ 64'% of the total volume. In the subcritical regime (¢ < ¢). a
continuous but significant decrease in the packine jensity down to 10%% is noticed. As illusirated
in the scanning electron micrograph of Fig. 3(b). this drastic decrease in the density is due to
the formation of large voids between particle clusters. However, since this continuous density
change as a function of the interparticle binding energy suggests a structural continuity in the
particle clusters. we next examine the microstructural variations of the particle clusters as a
function of E at a higher magnification.

In Fig. 6(a). we illustrate the continuously changing microstructural features of the particle
clusters at three different ;-potentials. The unifying feature of these microstructures is that a
hierarchy of particle clustering is observed in all cases. The closely packed. smallest size particle
clusters are identified as first generation particle clusters. ‘The entire microstructure in each
case represents the second generation of clusters. In Fig. 6(b). we illustrate the variations in the
arrangement of the first generation particle clusters by highlighting the second generation voids
as dark regions. Here, two features are noteworthy: (i) with increasing interparticle binding
energy, first generation particle clusters become smaller. and (ii) parallel to this change. voids
between these first generation particle clusters become larger.
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density (relative to the total volumej of col-
loidal solids as a function of {¢‘¢.)* where .
is the zeta potential at the criticai point. (b)
Scanning electron micrograph of particie clus-
ters formed at low Tg values. !¢
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Following this observation on the hierarchical clustering of particles. when we now reexamine
the data of Fig. 3{a), the large voids that are responsible for the significant density decrease in
the subecritical range are classified as third generation voids. In the supercritical range. third
generation voids are not observed. In the subcritical range. as the clusters become stronger with
increasing interparticle binding energy. third generation particle clusters also form. However, in
most ceramic forming processes, these third generation clusters are easily collapsed. !* Thus.
we have to be mainly concerned with the microstructural variations associated with the second
generation particle clusters and the voids.

The most important implication of this hierarchical clustering during colloidal consolidation
is that even the colloidal suspension routes cannot provide an easy solution to the problem
of packing density inhomogeneities. Although colloidaily consolidated microstructures are all
uniform at a scale length larger than the size of the first generation particle clusters. a monosize
porosity distribution is not necessarily obtained by using monosize particles. In fact. as wiil
be illustrated in Section 3.0. polydisperse particle size systems have clear advantages over the
monosize particle systems.

3.0 MICROSTRUCTURAL EVOLUTION

When colloidally consolidated microstructures are sintered. first generation particle ciusters
sinter faster and at significantly lower temperatupes than the second generation void regions due
to their higher packing density and smaller pore size. *°
with 0.8um nearly monosize a-alumina (Sumitomo AKP-153) consolidated by colloidal filtration.
the first generation particles are nearly fully dense at 1200°C in I hr:*! but. in order to densify

As illustrated in Fig. 7. when we work

the second generation void regions and to complete the densification of the entire system. it
becomnes necessary to work at temperatures as high as 1330°C.

Fig. T: Microstructure (SEM) of 0.78um a-alumina powder compact after partial sintering
at 12009C for | hr. Inter-cluster regions are highlighted in the negative image. **
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With this realization. we ask if it is ever possible to eliminate the multimodal nature of
pore size distribution in colloidally consolidated systems and pack the entire system as the first
generation particle cluster itself. We envision three approaches to achieve this goal: (i} start the
clustering process only from a single nucleus by a process similar to the growth of single crystals
in atomic systems, (i1} minimize the size differences between the first and second generation voids
by filling in the voids with smaller particles. and {iii) destroy the hierarchical clustering after its
formation by shear deformation processes as in injection molding. The first approach is a difficult
one especially in the processing of complex systems. The second and third approaches. definitely
have the potential for success. In the following paragraph. we will illustrate the feasibility of
the second approach.

In Fig. 8. we report the overall packing density of a bimodal particle size system consolidated
by the same filtration technique used in the consolidation of the monosize particle size system of
Fig. 7..°Y In agreement with previous studies.***>' the maximum packing density is achieved at
a coarse to fine particle ratio of 3:1. The sintering behavior of the end members is compared with
that of this 3:1 mixture in Fig. 9. Consistent with our analysis. the mixture sinters to a fully
dense state at a 100°C lower temperature than the monosize coarse particle system. Further.
when they reach the fully dense state. the mixture displays smaller grain size than the monosize

coarse particle system. ¥
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Fig. 8: Packing density variation in the bimodal systems with end members of 0.78 and
0.21um size particles..*!
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4.0 CONCLUSIONS

The work presented in this review leads us to the following conclusions:

(i) Colloidal dispersion techniques are needed to eliminate particle clusters that form uncon-
. trollably due to van der Waals attractive interactions. This approach is especially useful
when we work with multiphase particle systems in the 107%t0 10-%m range.

L (i) Transitions from dispersed to consolidated state start as a nucleation and growth process
of first generation particle clusters. These particle clusters form when either the inter-
particle binding energy, E. or the particle number density. p. in the suspension exceeds
a critical value. We outline these transitions with a theoretically calculated E vs. p
colloidal phase diagram.

(i1} Hierarchically clustered microstructures form due to multiple clustering of particie clus-
ters. Consequently. in such hierarchically clustered microstructures. the classification of
the void space follows a similar trend as first. second. and third generation voids. Unlike
the particle clusters that we wanted to eliminate in the dispersion stage. the size and
the spatial arrangement of the particle clusters that form can be controlled by simply
changing the colloidal consolidation path on the phase diagram.

{fv} I most ceramic forming processes. voids that remain in a consolidated structure are
only the first and second generation voids. In sintering these particle compacts, first
generation particle clusters sinter faster and at significantly lower temperatures than the
second generation void regions due to their higher packing density and smaller pore size.

We expect that the key future developments in powder consolidation by colloidal techniques
will complement the findings reported in this paper in the following areas:

(1) In order to achieve lower sintering temperatures. the goal must be to develop new tech-
niques to consolidate the entire system as the first generation particle cluster itself (fi.e.,
a state approaching monosize pore distribution). An effective way to achieve this goal
is to use polydisperse particle size systems. Suspensions of monosize particles can be no
more than 64 v/o. This barrier of 64 v/o may be surpassed. in terms of space filling
concepts. by using a multimodal or continuous distribution of particle sizes. Although
we have already proven the validity of this concept with a bimodal distribution. we now
need to determine the proper particle size distribution.

(]

(1) Some traditional forming techniques (1.e.. slip casting or tape casting) are not suitable for
1 the elimination of second generation voids due to tl'e formation of flow channels during
the process of filtration by capillary suction or drying. Advantages of shear deformation
of polymer/ceramic composites (by extrusion and injection molding) should be exploited
in an attempt to reduce and narrow the size distribution of the second generation voids.
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(iii) Presently, we mainly use organic polymers as binders and.or as dispersion media. The
elimination of the organic polymers during the heat treatment stage is always a major
problem. This problem can be avoided by using inorganic polymers that can be converted
to ceramic phases during heat treatment. For this purpose. contributions of chemists
should be encouraged in the synthesis of inorganic polymers.
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Abstract

In this paper, we compare the sintcring behavior of colloidally prepared bimodal a-Al; 0z compacts to the
behavior of a monosize coarse particle compact. In the range of up to 25 volume % fincs, pore size and
overall pore volume decrcase continuously as the fine particle fraction increases. As a result, bimodal
particle compacts sinter to full density at lower temperatures than does the coarse particle compact. Also.
the grain sizes of nearly fully dense bimodal compacts are smaller than that of the monosize coarse particie
compact,

Abstract i
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1. Introduction

To a grcat cxtent, the sintering behavior of a powder compact is determined by the
microstructare of the green compact, which in turn is controlled by the steps taken in the
processing stages prior to sintering. Three conditions must be met in the green compact in
order to successfully sinter at low temperatures: a small particle size, narrow size distribution
of small pores, and uniform spatial distribution of pores. Herring (1) performed a theoretical
comparison of sintering two different sized particle systems with identical packing geometry.
e clearly showed that smaller particles sinter much faster because of their larger chemical
potential. This potential is due to their smaller radius of curvature. By analogy, it can be seen
that if the particle size is identical, a compact with smailer pores sinters faster than a compact
with larger pores due to the higher chemical potential of vacancics in smaller pore. The pore
structure in a particle compact is determined by both particle size and processing technique.

Recently, the trend has been to use colloidal processing techniques in order to obtain
homogencous particle compacts (2). [lowever, the outcome of colloidal processing is always
a hierarchical structure (3). In this structure, there are at least two types of pores; 1) smaller
porces between primary particles in the first gencration cluster (first gencration pores whose size
is determined solely by primary particle size), and 2) larger pores between the first generation
clusters (second gencration pores whose size is controlled by primary particle size and processing
technique (4)). Upon heating, as described carlier, the smaller first gencration pores sinter
faster than the larger second generation pores.(d) Therefore, once the particle system and the
processing technique are chosen, the sintering temperature of the resulting powder compact
will be determined by the size of the larger sccond generation pores. In order to lower the
sintering temperature, one must reduce the size of the second gencration pores.

In homogeneous bimodal particle compacts, fine particles will occupy the void space
between coarse particles. The space-filling concept suggests that the addition of fine particles
in a coarse matrix results in the reduction-of pore size and overall porosity. Although the
cffect of the addition of finc to coarsc particles on the porc size reduction is not clarified
cxperimentally, the cfTect of bimodal particle systems on packing density has been investigated
theoretically (5) as well as experimentally.(6-8) In spitc of the advantages of bimodal particle
compacts, little attention (9-11) has heen given to sintering them. Even the existing experimental
results (9,11) do not clearly illustrate the advantage of bimodal systems due to deficiencies in
the cxperimental procedures. In tfmsc cxperiments, samples were prepared by cold-pressing of
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dried powder. In that process, although mixing ol the two components mayv be proper, large
pores are introduced duc to the presence of large, inhomogenecous agglomerates in the dnied
statc. These large pores would tend to ofTsct the effect of fine particle addition.

This paper will provide data on the packing behavior of colloidally consoliduted bimodal
compacts and will demonstratc that pore size decrcases with the addition of fines to the coarse
particle compacts. Also, data on the sintcring behavior will demonstrate that as a result of the
reduction of pore size, the bimodal compacts sinter to full density at lower temperatures than
doces the coarse particle compact.

Il. Lxperimental Procedure

As used nearly monosize, pure a-AlO3 powders (Sumitomo Chemical America, Inc., New
York, NY (AKDP-15 and AKP-50, Purity > 99.995%) with median parucle diameters of 0.78
and 0.21 pym as the coarse and the fine particies, respectively. Bimodal mixtures were prepared
at the fine particle fractions of 0.14, 0.17, 0.20, 0.25, 0.35, 0.40, 0.50, 0.60, 0.70, 0.80, and 0.90
(by volume, weight, or number?). All particle suspensions were dispersed clectrostatically in
distilled water at solids content of 50 volume % or greater in order to obtain homogencous
particle mixturcs. Detailed information on the prevention of particle segregation at high solids
content is given elsewhere.(12) Proper dispersion of the a-Al;03 powders in water was obtained
by adjusting the pIT Mffisher Scientific, Pittsburgh, PA (Accumct pIl meter) of suspensions
to 2.5 with HICI and by stirring the suspensions vigorously on a magnctic stirring plate. To
lacilitate the break-up of soft agglomerates, uitra sonic vibration (IYisher Scientific, Pittsburgh,
PA (Sonic Dismembrator 300)) was applied occasionally.

Dispersed suspensions were cast into Scm X Scm x lem teflon frames placed on a plaster
plate made at the consistency of 75. After approximately 3 hours, the cakes were removed
from the plaster plates and dried at room temperature for 24 hours. All sides of the dried slabs
were ground ofT in order to remove the inhomogencities gencrated during filtration. These
inhomogencitics included artifacts on the sides caused by the resistance from the teflon frame,
contamination of thc bottom rom the plaster plate, and the skin on the top surface formed
by sedimentation. FFrom the ground slab, approximately lem x lem x 0.8cm samples were cut.

Pl
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These were kept at 110°C in an air-circulating oven (Fisher Scientific, Pittsburgh, PA (Isotemp
oven)) until they were nceded for the measurements and sintering.

Samples containing 14, 17, 20 and 25 volume % finc particles were sintered in stagnant
air at temperaturcs between 1000°C and 1550°C for | hour. The samples werc loaded in the
furnace (Lindbe,g, Watertown, WI) at room temperaturc and the furnace was heated up to
the desired peak temperature in 30 minutes. After soaking for | hour at the peak temperature,
the furnace was turned off automatically and was allowed to cool to room temperature.

Densitics were measured (Mettler Instrument Corp., Ilighstown, NJ (Mettler AE160)) by
a standard liquid displacement technique using distilled water for the sintered sample and
kerosene for the unsintered powder compacts. We calculated closed as well as open porosities.
Reported values are the mean of at least 9 measured samples. Pore neck size distributions of
sintered as well as green powder compacts were measured by mercury porosimetry (American
[nstrument Co., Silver Spring, MD (Aminco porosimeter)). The maximum pressurc applied
was 15,000 psi. From the amount of mercury intrusion and applicd pressure, the pore neck
sizc was calculated by the Washburn equation (13) using 0.485 N/m and [40° as the surfacc
tension of mercury and the contact angle of mcrcury on a-Al;O3 particles, respectively.

Microstructures of sintcred samples were observed by scanning clectron microscopy (Cam-
bridge Instrument, Cambridge, England (Strcoscan Mark II-A)). These SEM samples were
polished with | pm diamond paste on a nylon cloth. In order to revcal the grain boundarics
for SEM observation, polished samples were thermally etched at 1200°C for 1 hour for samples
sintered at 1300°C or below and at 1300°0 for 1 hour for samples sintered at 1400°C or above.
The heating schedule for thermal ctching was identical to that for sintering.

III. Results and Discussion

The variation of packing densitics in himodal compacts arc plotted as a function of volume
fraction of fines in Figure 1. The resuits of the present study agree well with the previous
cxperimental results (6,7) which show the deviation [rom the theoretical model.(6) This deviation
from an idecal fine model was subscquently attributed to the particle size segregation that
resulted from improper mixing.(14,15)
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Bimodal mixtures in this study do not satisfy the size ratio (diameter of fines/diameters
of coarsc) assumed for the ideal modcl. Therefore, the results shown in figure | cannot be
compared to the ideal model dircctly. IHowever, close cxamination of figurc | shows a non-lincar
increase in packing density in the coarse-rich region; that is, packing density incrcases with
fines at a decreasing rate. In the present study, with the use of suspensions that contained >
50 volume % solid, size compositional inhomogeneitics resulting from particle segregation
during consolidation were prevented as confirmed through hydraulic resistance measure-
ments.(12) In spite of this precaution, our density data still deviates from lincarity. This
suggests that the non-linearity results [rom another inhomogencity pore density fluc-
tuation due to the presence of first generation clusters. The interpretation of this is that the
addition of fines docs not decrease the second generation porosity (between the first generation
clusters) so effectively as it decreascs the first generation porositv (within the first generation
clusters).

As shown in figurc 2, channel ncck size decreases cxponentially as the fraction of fincs
increases, indicating that the initial small fraction of fines is the most effective for the reduction
of pore neck size. This behavior is consistent with the concept that in uniformly mixed bimodal
compacts, fine particles act as space-filling units and thus the intrusion neck size decreases as
fine particles occupy spacc betwecn coarse particles. [t is important to notc that mercury
intrusion provides information about the size of pore neck, not actual pore size (16). lowever,
in the present study, a smaller neck size infers a smaller pore size as confirmed by the partialiy
sintered microstructures shown in figure 6.

The sintering behaviors of compacts containing 0, 14, 25, and 100 volume % finc particles
arc shown in figure 3. It is rcasonabic to compare the sintering behavior of bimodal compacts
to the pure coarse particle compact since the bimodal compacts contain at most 25 volume %
fines. The coarse particle compact reaches full density at 1550°C, while the bimodal compacts
containing 14% and 25% fines reach full density at 150°C and 1450°C, respectively. The pure
fine particle compact reaches full density at 1300°C. However, the sintering of the fine particle
compact will not be discusscd further since the main purpose of this paper is to investigate
how the addition of fines to the coarse particle compact affects the sintering behavior,

Close examination of the sintcring curve rcveals that the dilferences between sintered

densities of coarse particle and bimmodal compacts at cach sintering temperature are always
greater than the differences between their packing densitics. This holds until they reach ap-
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proximately 90% of theoretical density (TD). For example, the packing density difference
between the coarse particle compact and the bimodal compact with 14% fines is only ~4%.
However, the sintered density difference at 1300°C increases to ~9%. The above observation
clearly demonstrates that the increase in the packing density of bimodal compacts is not the
only causc for their improved sintering behavior. Another factor which contributes to this
enhanced behavior is the reduction of pore size with the addition of fine particies (Figure 2).

In figure 4, the stability of pore channels is shown with a plot of the pore channel neck
diameter as a function of the sintered density. In gencral, the pore channel neck diameters
decrease as the sintered densities increase. Finally, at nearly full density, the pore size becomes
zero, indicating that any pores left in the compacts are closed. The pore neck growth in
bimodal compacts during the initial stage of sintcring is not yct understood.

Onc important point to note in figurc 4 is the cross-over of pore neck size. Initially, the
ncck size decrcases with the increasing fine fraction at a given sintered density. However, at
~87% TD, the pore neck size inversion occurs between the two bimodal compacts. Also,
another neck size inversion occurs between the bimodal compacts and the coarse particle
compact at ~92% TD. As a result, above ~92% TD, the bimodal compact with 25% fines
has the largest pore neck size, and the pure coarse particle compact has the smallest pore neck
size. This neck size inversion indicates that the addition of fincs improves the stability of pore
channels, providing against the closure of pores and subsequent closed pore formation, although
initially the addition of fines to the coarse particlc compact decreased pore size. Duc to the
improved pore stability bimodal compacts, pores remain open until the compacts
to ncarly full density.

Figure 5 shows decreasing open porosity in bimodal compacts during sintering. Data for
compacts containing nothing but open pores would fall directly on the diagonal line. For the
coarse particle compact all the data points are on this linc up to ~95% sintercd density where
the density falls below the line, indicating the formation of closed pores. The position of the
data point, midway between the diagonal line and the base line, indicates that about 50% of
t the total remaining porosity is closed pores. Bimodal compacts do not show any detectable

| deviation [rom the diagonal line throughout the entire sintering schedule. This result shows
that the addition of fincs improves the stability of porc channels against the formation of
closed pores which hinders the sintering to full density.(17)
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The microstructures of the coarse compact and of the bimodal particle compacts with 25%
fincs arc shown in figurc 6. Both compacts were sintered at 1150°C for 1 hour. These
microstructurcs show the dramatic difTerence between the initial sintering behaviors of these
compacts. At 1150°C, the coarsc particle compact is barely sintered and individual particles
are still seen, while the bimodal compact with 25% fincs show large, fully sintered patches.
Ilowever, large pores which are formed by the flow of water during colloidal filtration and
which are between sintered patches (flow channcls) remain unsintered. These microstructures
show that the porcs in a bimodal compact is generally smaller than in the coarse particle compact.

Figure 7 shows the microstructures of the coarse and the 25% finc compacts sintered to
ncarly full density (97% TD). In order to sintcr these compacts to the same density at the
same temperature, the coarse particle compact was held at 1400°C for 4 hours while the 25%
fine compacts were held for | hour at that temperature. This treatment prevented very different
grain growth kinctics which would result (rom sintering at different temperatures (17). It is
cvident that the coarse particle compact has a much larger grain size than the bimodal compact.

Grain growth during sintering initiates from regions which densifv early. In powder com-
pacts, densely packed clusters sinter much faster than the loose inter-cluster regions. While
looscly packed inter-cluster regions are still densifving, (ully dense clusters are suffering grain
growth. When the pore size difference between intra-cluster pores (first generation pores) and
inter-cluster pores (sccond generation pores) is large, more time is required to densifv inter-cluster
pores. This results in grain growth. In Figure __ the coarse particle compact
was sintered for 4 hours, while the bimodal compact was sintcred lor only 1 hour, showing
that the grain size of the bimodal compact is smaller than that of the coarse particie compact.

V. Conclusions

We investigated the effccts of bimodality on packing and subsequent sintering.

The addition of finc particles results in 1) an increase of overall packing density, and 2)
in the reduction of pore size. These two contributions cnhance the sintering behavior of
bimodal compacts. With the addition of 25% fincs, the sintering temperature of the a-AlyO3
compact was reduced by 100°C. Duc to the lower sintering temperature and/or shorter sintering

Sintering of Bimodal a-Al;0; Compacts® 6
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time for the bimodal particle compacts, their final grain size was smaller than that of the coarse
particle compact. In addition, bimodal compacts arc stable against the formation of closed
pores. As a result, all pores remain open until full density is nearly attained.

V.
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FIGURE CAPTIONS

Fig. 1: The variation of packing densitics with the fraction of fincs.

£

Fig. The variation of channel neck sizes of green compacts with the fraction of fines.
I'tg. 3: The sintered densitics vs. temperatures of bimodal a-Al303 powder compacts.
Fig. 4:

Fig. 5: Open porositics vs. sintered densitics of bimodal powder compacts.

Fig. 6: (a) 0% fine, (b) 25% finc sintered at {150°C 1 hr.

Fig. 7. Microstructure at identical sintered density (97% TD). (a) 1400°C, 4 hrs, 0 %% finc;
(b) 1400°C, | hr, 25% finc.
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Figure ’ The sintered densities vs. temperatures of

birodal a-Alzo3 powder compacts.

43

e o st b S o s e




(%) >%mmzmn aummpzwm JAILYVI3H
_ _

wl} ¥ & -
Uy % bl -
Yy x0e

(H3L3INW0HIIW} SNIOVH MJI3N 3dNd
Figure 4.




*s3oeduod xapmod [rpouirq Jo saj1jsuap paidlujs ‘sa sajiafsorod uado

21nd 14

4
(Z) ALISNAA AIUILNIS ATV TIIY
oot 06 03 0/ 09
&ﬁlic T I | 0
2. O
- (o) -1 01
v 0 mnm
> .
leU_
- Sy e O -10¢ m
7~ M
onlud [270g =
o <
- (t:g)1z 0482700 o
5 -10¢
i .\..\..Av wr 8L°00 /
1 | 1 oh

..

48

B




paieJjurs aury gy (q) ‘surl zo (e) 9

-5

oy wlizia AT
i W

.
;Av.a_r\
N
L%
"

caney [ 90,0611 1€




coury %67 ‘AU T ‘0,009T (1)
‘aury %o ‘sal ¢ ‘D,00vT (®) (Al %L6)
£31suop paidIjuTs TEOTIUDPT IT DINIDNAISOIDIN *811

e e a1

wid L

r .
AN AR

-




¢
G
APPENDIX VIII
Long Range Particle Segregation in Colloidal Filtration
(Hirata 1987)
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LONG RANGE PARTICLE SEGREGATION IN COLLOIDAL FILTRATION

Y. Hirata
This paper will be submitted and published in the near future.

Powder consolidation mechanics in colloidal filtration of bimodal particle size system was
analyzed theoretically and experimentally. Dominant consolidation process changes from fil-
tration to sedimentation at the critical time ts. Although the time ts decreases with an increase
in concentration of the suspension, the height of the layer consolidated through filtration by
time ts becomes higher at higher concentration. long range particle segregation duc to differ-
cntial mass occurs after the time ts. Tlowever, the particle scgregation can be prevented by
increasing the concentration. Packing density and homogeneity ol microstructurc of the con-
solidated layer increase with prevention of the particle segregation. These concepts on particle
scgregation in bimodal system were confirmed with the consolidation experiment in the bimodal
system of 0.8um (75 vol %%} - 0.2um (25 vol %) for AlLO;.
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APPENDIX IX
Characterization of Microstructural Evolution by
Mercury Porosimetry

(Han, Aksay, and Whittemore 1985)
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From: ADVANCES IN MATERIALS CHARACTERIZATICN I
Edited by R.L. Snyder, R.A. Condrate, Sr.
and P.F Johnson
{Plenum Publishing Corporation, 1985)

CHARACTZRIZATION OF MICROSTRUCTURAL

EVOLUTION BY MERCURY POROSIMETRY

C. Han, I. A. Aksay,and 0. J. Whittemore

Department of Materials Science and Engineering
College of Engineering
University of Washington, Seattle, WA 98195

ABSTRACT

Evolution of microstructure during the sintering of 1-Al,0)
compacts formed by collotdal filtration was studied by mercury
porosimetry. It ia shoun that the decay of the flow channels
created during filtration plaus an important role in the densifi-
cation process. The retention of open channels until the fimal
atages of sintering was essential in achieving high eintered densi-
ties.

INTRODUCTION

In the processing of ceramics by powder comsolidationm tech-
niques, steps taken in the presintering stages play an important
role in the densification behavior during sintering. For example,
one essential requirement is to form the green compacts with uni-
form pore size distribution in order to mimimize the variations in
local densification rates during sintering. Experimental’ and
theoretical°'’ studies have clearly demonstrated that nonuniformi~
ties in a green compact are often amplified during the subsequent
sintering stages as a result of differential sintering rates.

A recent trend in ceramics processing, particularly when work-
ing with submicron size powders, has been the use of colloidal
dispersion techniques to attain uniform microstructures,  Ia col-
loidal techniques, submicron size powders that otherwise spon-
taneously agglomerate due to van der Waals attractive forces are
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kept dispersed in a fluid medium by controlling the repulsive
interparticle interactions.’ Once a uniform dispersion in the
colloidsl suspension stage is attained, the next goal is then to
retain this uniformity while the fluid medium is being eliminated
during consolidation.

Studies have shown that transitions from a dispersed colloidal
suspension to & consolidated state resemble fluid to solid phase
transitions observed in atomic systems.'®’ For a given interpar-
ticle interaction potential, this fluid to solid phase transition
takes place at a critical particle concentration with the nuclea~
tion of densely packed particle clusters as a multiple site nuclea-
tion process. A direct outcome of this transition by 3 multiple
site nucleation process is that the resultant microstructures al-
ways contain microagglomerates which we will refer to as domains
hereafter. Due to the formation of these domains, at least two
types of pores result: (1) small intra~domain pores, and (2) larger
inter-domain pores. The most important implicatios of the domain
formation is that even the colloidal suspension routes cannot
provide an easy solution to the problem of packing density inhomo~
geneities. Furthermore, if the suspensions are consolidated by
filtration, the inter-domain pores are modified by the flow of the
dispersion medium which goes into the filter medium through the
inter-domain voids, while the intra-domain voids remain un-
changed, '* The bimodality of the pore size distribution then
becomes more distince,

In sintering of these compacts, domains sinter faster than the
inter-domain regions due to their higher packing density and smal-~-
ler pore size (Fig. 1), Because of this differential sintering
rate, uniform sintering cannot be expected. In this paper we
present data on the sintering behavior of :~Al-0, compacts formed
by colloidal filtration and illustrate that the pores associated
with the inter-domain regions, i.e. filtration channels, control
the densification behavior during the final stages of sintering.

In addition, we provide data on the sintering behavior of monosize
and bimodal particle size systems and illustrate that sintering
rates can be enhanced with bimodal systems. Finally, we illustrate
the importance of mercury porosimetry, especially in the charac-
terization of the decay of filtration channels during sintering.

EXPERIMENTAL PROCEDURE
Nearly monosize x-~Al:0j;powders* with median particle diame-

ters of 0,78 and 0.21 Lp were used as the coarse and fine particle

*Sumitomo Chemical America, Inc., New York, NY, ARP-15 (0.78 .m)
and AKP-50 (0.2 .m), with >99,99%Z purity.
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Fig. 1. Microstructure (SEM) of 0.78 um powder compact after par-
tial sintering at 1200°C for 1 br. Inter-domain regions
are highlighted in the negative image.

systems. In addition, these powders were used to prepare four
binary mixtures at fine particle fractionms of 0.14, 0.17, 0.20, and
0.25. Aqueous colloidal suspecsiona of the monosize and binary
systems at particle concentrations of 55 I by volume vere prepared
at pH=2.5 with BC1 additiouns. Ultrasomic vibration vas applied
occasionally to facilitate the breskup of the soft agglomerates.
Suspensions were then cast on gypsum molds., Samples were prepared
from the filtered cakes and sintered in air at temperatures betveen
1200°C and 1500°C for 1 hour. Mercury porosimetry aod scanning
electron microscopy were used for cbaracterization.

RESULTS AND DISCUSSION

The variation of packing demsity vith the fraction of fine
particles is showu ia Fig. 2. The packiog densities of compacts
initially increased vith the addition of fine particles as expected
based ou previous theoretical and experimental studies. '7 When
fine particles are added to s system of much larger coarse parti-
cles, fine particles first £ill the voids between the coarse parti~
cles. Therefore, until all the voids are filled, the partial molar
volume of fine particles is zero, and the packing density of the
@ixture increases with the fractiom of the fine particles. After
all the voids are filled, additional fime particles expand the
volume of the mixture compact, and then the packing deasity dec-
resses with the fraction of fine particles.

‘ s
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A theoretical wodel on the variation of packing density in
honoyeneouoly packed bimodal systems was first developed by Fur-
nas.'? However, in subsequent experimental studies, ' '‘’ it has

80 T T

packing density (%)

o} 02 o4 06 o8 10
volume froction of fines

Fig. 2. Packing density variation in the bimodal system with end
members of 0.78 and 0.2]1 .m size particles.

been shown that experimental data always displayed lower densities
than the ones predicted by the model. Our data as presented in
Fig. 2 similarly display deviation from Furnas” idealized model.
In previous studies, ° °° inhomogeneities in the mixing of coarse
and fine particles vere proposed as the cause of this deviation,
When the mixing of bimodal particles is not upniform, the partial
molar volume of the fine particles does not follow the value pre=-
dicted by the idealized model but deviates from ideality as the
inhomogeneity of the mixing increases.

When working with colloidal systems, homogeneity in mixing can
be achieved in the suspension stage prior to consolidation. How=-
ever, problems in long-range particle segregation (on a dimensional
scale larger than the particle domains) may arise during the con-
solidation stage due to differential sedimentation. In the present
study, with the use of suspensions that contained >50 % by volume
of particles, long-range segregation of particles during the con-
solidation stage was prevented ss confirmed through electron mic~
roscopic examination and hydraulic resistance measuremenots.'’ In
spite of this precaution, the fact that ocur density data still
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‘around these domains, fine

displayed devistion frow Fur- as
oss” model would suggest O 2lum
short-range inhomogeneities.
The implication is that, con-
sistent vith the formatiom of
particle domsins and the for-
mation of filtration channels

H Q78um

particles do not decrease the
inter~domain porosity as ef-
fectively as the intra-domsin
porosity.

078+02!
6N

Channel sizes as measured (30

by mercury intrusion contino-
uously decreased with in-
creasing fraction of fine
particles (Fig. 3). This
behavior is consistent with
the concept that, in uniform-
ly mixed bimodal compacts,
fine particles act as space ol ! .
filling units and thus the 202 Jce ot 0z 33
intrusion neck size decreases chonnet neck diamaeter (um)

as fine particles occupy Fig. 3
space between the coarse

ones. However, it is impor-

tant to note that, during the
intrusion of mercury into

pores with many openings,

mercury penetrates into the

pores through the largest opening, one which is still smaller than
the largest dimension of the channels connected by the necks.
Therefore, mercury intrusion data interpret pores as being cylin-
drical in shape with a diameter equal to the neck diameter., In
fact, a comparison of the data presented in Fig., 3 with the micro~
structure of Fig. | reveals that, vhile the channel necks deter-
mined by porosimetry are all smaller than 0.2 .m, the microstruc-
ture clearly possesses msny pores that are 10 times larger than the
necks.

chonnel neck frequency (:m'lqm/pm)
o
1
4

Channel neck size frequency
of monosize and bimodal
compacts obtained by mer-
cury intrusion,

During sintering of powder compacts, smaller pores disappear
faster than larger pores. Similarly, the channel necks decay
faster than the main body of the chaonel and, at a certain stage of
densification, this results in the formation of isolated pores. At
this stage, whether these isolated pores will be in the shrinkage
regime or not is determiped by the number of grains surrounding a
pore and the dihedral angle at the pore/grain boundary junc-
tions.'?'??  Therefore, it becomes necessary to control the size
of the isolated pores and thus the number of grains surrounding a

, 343




pore through variations in channel morphology that in turn affects
their decaying behavior.

o 078um
& O 078+021(3 N
- & 02ium
w
5 -
3
]
Z -
&
3
; -
”
) 4
o] 00s 010 o231 229

channet neck size (um)

Fig. 4. Change of the largest neck size during the sintering of
monosize (0.78 and 0.2]1 .m) and bimodal (3:1) systems.

Variations in the channel neck size during the densification of
the fine, coarse, and bimodal systems are compared in Fig. 4.
During the initial stage of sintering, channel neck growth was
observed in the mixture and the fine particle compacts, whereas no
neck growth was observed in the coarse particle compacts. On
further sintering, necks shrank in all cases and eventually closed
at approximately arousd the temperature of the last data point in
each corresponding curve. The temperatures at which the neck
closure occurred decreased with decreasing initial neck size. How-
ever, it is importanmt to note that, at the point of neck closure,
the compact with 100Z fine particles still contained 5% porosity
(now as closed pores) vhile both the binary mixture as well as the
coarse particle compacts had less than 22 porosity.

The detrimental effect of this early neck closure upon the
densification behavior of fine particle compacts in the final stage
of sintering is illustrated in Figs. 5 and 6. Fine particle
compacts initially displayed the fastest sintering up to 1300°C
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(Fig. 5). At this point, due
to the isolation of channels
88 closed pores that appear
to be in the growth rather
than the shrinksge regime,
further densification practi-
cally stopped. On the other
hand, coarse particle com-
pacts and the mixtures showed
lover densification rates
initially; however, final
sintered densities were high-
er than that of the fine
particle compacts. In com-
paring the mixture compacts
and the coarse particle com~
pacts, it is apparent that
the mixtures always sintered
faster than the coarse parti~
cle compacts (Fig. 5).

relofive sinfered density (%)
3

00

&
T

i

o 0 73um
G 0.78+0.21(3:N
A O2lum

Fig. 5.

ol 1 . o 14 1
8

1200 1300 400 1500
sintering temperature (*C)

Sintered density of mono-
size (0.78 and 0.21 yum)
and bimodal (3:1) systems.

Fig. 6. Microstructure (SEM)

of 0,21 .a powder
compact after reach-
ing an end point
density of 98.5 £ TD
at 1300°C for 3 hr.
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CONCLUSIONS

In this study of microstructural evolution, vhere mercury poro-
simetry was used as the major characterization tool, the fol lowing
conclusions can be msde:

(1) 1In the densification of alumina compacts formed by colloi~
dal filtration of submicron size particles, the decay of channels,
which are formed during the filtration stage, affected the overall
microstructural evolution. Channel closure at lower densities
resulted in lower end-point densities.

(2) The addition of finer particles was shown not to be detri-
mental to sintering. On the contrary, the sintering temperature
vas reduced in bimodal mixture compacts.
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APPENDIX X

High Strength Porous Ceramics: 1. Processing

(Sonupariak and Aksay 1987)
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HIGH STRENGTH POROUS CERAMICS. I. PROCESSING

B. Sonuparlak and .4, Aksay
This paper will be submiited and published in the near future.

In this paper, we outline the methodology of processing porous ceramics with controlled
pore size, shape, and spatial distribution. [n the generation of pores with controlled size and
shape in an alumina matrix system, we used polvstvrene microspheres that were processed by
a two-stage polvmerization and sceding technique. Alumina and polystyrenc was codispersed
cither electrostaticallv or sterically in an aqueous medium. Specimens of porous alumina were
fabricated either by homogencous distribution of pores all around the sample or by keeping
them inside the sample. Controlled decomposition of the organic microspheres was nccessary
to avoid cracking of the compacts during sintering. We also investigated flexural strength and
its variability in these designs with controlied size, shape, and distribution of porosity.
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APPENDIX XI
Porous A12O3 with Controlled Pores: II. The Effects

of Pores on Fracture Parameters

(Sakai, Sonuparlak, and Aksay 1987)




POROUS Al;03 WITH CONTROLLED PORES. 1. THE EFFECTS OF PORES ON
FRACTURE PARAMETERS

M. Sakai, B. Sonuparlak, and 1.4. Aksay
This paper will be submitted and published in the near future.

The primary objective of the present work is to discuss the eflect of pore size on the
fracturc parameters of polycrystalline aluminas with perfectly spherical pores as a fraction of
porositv. The relationship between {racture strength, {racturc toughness, modulus of clasticity
and intrinsic {law size was studied by measuring all four parameters (or samples of a given
porosity and diameter of spherical pores. I'racture strength, modulus of elasticitv and fracture
toughness were measured by the Knoop-indentation three-point bend bw method, compliance
method, and chevron-notched three-point bend bw method, respectively. xperimental results
arc compared with various thcories that have been developed for the mechanical properties
materials comprising a continuous isotropic matrix and pores.
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SPINEL PHASE FORMATION AT THE 980°C EXOTHERMIC REACTION

IN THE KAOLINITE TO MULLITE REACTION SERIES®

B. Sonuparlak.# M. Sarikaya, and I. A. Aksay

Department of Materials Science and Engineering
College of Engineering
University of Washington
Seattle, Washington 98195

ABSTRACT

With the use of differential thermal analysis, =-rcy diffraczion,
ard iransmission electron microscopic techniques, we showed that gamma-
AlsC3 type spinel phase is solely responsible for the 980°C ezotherm in
the kaolinite to mullite reaction sertes. Transmisston electron micros-
copie characterization indicated that the spinel formation 1s prcceeded
by a phase separation in the amorphous dehydroxylated kaolinite marriz.
Chemical analysis of the spinel phase by energy dispersive z-ray spec-
troscopy revealed a nearly pure Als03 composition.

Qctober 1986
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1.0 INTRODUCTION

The kaolinite (Al,04'28i05°2H.0) to mullite (3Al503°25i0;) reaction
series has been the subject of various studies for nearly a centur;/.1 and
still retains its active status as evidenced in most recent publications.2‘7
However, these studies have not resolved the questions concerning the issue
of which phase formation is responsible for the exothermic reaction commonly

observed at around 980°C.

The first step in the reaction series is the formation of an amorphous
dehydration product identified as metakaolinite (Al;04°285i0;) after an endo-
thermic reaction at ~ 550°C. In the next step, the formationm of crystalline
preduct(s) from this amorphous interxmediate phase results in a prozinent
exothermic reaction at ~ 980°C. In most studiesi~17 dealing with this
reaction series, the key issue has been the idenrification of the reactic

preduct that results in this exothermic reaction.

The reaction mechanisms proposed for the 980°C exotherm can be
classified into two general groups. In the first group, the common feature
is the formation of a gamma-Al;0q type spinel phase and its association to
the exothernic reaction,3-5:8,9,13-17 The differences reported are mainly
concerned with the composition of the spinel phase and whether the mullice
W16

1

=~

phase (through a parallel reaction) also contributes to the exotherz.3s
In contrast to these spinel-based models, the second group propeses the
formation of mullite without any spinel phase.l0-12 In view of the

convincing evidence presented in recent stud:i.es.a'“"“6 the validity of this

second mechanism can now be disputed.

With respect to the spinel-based mechanisms, however, two key problems
still remain on the issues of (i) whether the spinel or the mullite phase is
responsible for the exothermic reaction at 980°C, and (ii) how much silicon,
if any, is present in the spinel phase. In this paper., we provide the
answer to the first of these questions. We show that the spinel phase alone
is responsible for the exothermic reaction. We alSo provide a partial
solution to the second question, showing that this spinel contains less than

10 wt? silica and is probably very close to being pure aluzina,




2.0 EXPERIMENTAL PROCCEDURE

Well-crystallized kaolinite® was used in all our experiments. Based on
chemical analysis and structural amalysis by x-ray diffraction, 1.39 wt?
Ti0, was identified as the main impurity.17 Differential thermal analysis
(DTA)” studies were performed in air, at a heating rate of 10°C/min, up to
1250°C, 1In addition, isothermal heating studies were performed at various
temperatures below the exothermic peak temperature for up to 7 days in a
resistance heated furnace. Phase characterization was performed by x-ray

(Cu Ky) diffraction (XRD). Detailed description of the expericental con-

‘ditions related to XRD and DTA are given elsewhere.l’ In-situ beam induced

heating experiments in a transmission electron microscope (TEM)® and high
resolution electron microscopy (HREM)*™ yere performed in order to observe
the phase changes directly. Chemical analyses of the phases were performed
by utilizing energy dispersive x~ray Spectroscopy (zps) 74, Special pocwder
sanples were prepared by heat-treating the original xaolinire at
temperatures below the 980°C exothermic reaction and by treating it with 10
wt% boiling NaCH solution at difierent periods of tize up to 40 =minutes.
Amorphous silica-rich phase was dissolved during this !aQH treatzent,
allcowing more accurate evaluation of the chemical ccempositicn of the spinel
crystals which are not soluble under these conditions. The Clifi-Lorizer
methodl8 was used to obtain quantitative analysis of the x-ray sgectra.
Kaolinite was used as a standard in the determination of kpp, gi- All data
for quantitative analysis were acquired by tilting specimens 30° towards
the detector. Data were acquired in a multichannel scaler set at 10 kV
range. Sip (at 1,74 kV) and Alyg (at 1.48 kV) peaks were separated by using
250 eV energy windows. In all cases, powder samples for TEM characteriza-

tion were suspended on a holly carbon £ilm attached on a 75 mesh Cu grid.

* Georgia Kaolinite (KGa-1); Georgia Kaolin Company, Elizabeth, NJ

# DuPont 900 Thermal Analyzer; E. I. Du Pont de Hemours & Co.,
Wilmington, DE

@ Philips 400 EM; Philips Electronics Inc., Mahwah, MJ

** JEOL 200CX; JEOL USA Inc., Peabody, lA

## KEVEX 7000; KEVEX Co., Foster City, CA




3.0 RESULTS AND DISCUSSION

3.1 Formation of Spinel Phase:

XRD analysis of the DTA samples heated to or above the exothermic
reaction temperature always indicated the formation of the spinel phase
along with mullite. This concomitant existence of spinel with mullite led
previous investigators3'1"'16 to the conclusion that both of these phases
may be responsible for the exothermic reaction, Therefore, in order to
determine if the formation of these phases could be separated from each
other, we isothermally heat-treated kaolinite at various temperatures lower
than the exothermic peak temperature. In doing so, it was assumed that caly
one of the phases would be cbtained at a given temperature and thus rhe
contribution of this phase to the reaction would result in a decrease in the

exothermic peak intensity in a subsequent run.

As expected, when kaolinite was subjected to heat-treatment at 250°9C,
the spinel phase formed before mullite. Figs. 1(a) and (c) shew the XRD
patterns obtained after heat-treatment for 1 and 7 days at 850°C, :zspec-
tively. After a one-day heat-treatment, only the formaticn of pseudo-
anatase, 2A1203’2Ti02‘Si02. (labeled p) and a large amount of an amorphous
phase was observed (Fig. 1(a)). Our calculations indicated that the Ti0,
impurity may result in the formation of 2.46 wtQk pseudoaratase, A large
amount of an amorphous phase is also expected, because metakaolinite
contains 51.61 wt% Si0y and as explained below most of this component segre-
gates as a silica-rich phase during the heat-treatment process, Extended
(7-day) heatings at 850°C resulted in the development of the spinel phase
without any mullite Fig. 1(c). The DTA curves of these 1- and 7-day heat-
treated samples are shown in Figs. 1(b) and (d), respectively. A signifi-
cant difference is observed between the two samples. While the exothermic
reaction is observed in the DTA curve for the l-day heat-treated sample
(Fig. 1(b)), it is completely eliminated in the second DTA trace (Fig.
1(d)). In spite of the differences in the DTA curveé. upon further heating

L

mullite formation is observed to the same degree in both samples.



However, since mullite is formed through a diffusion controlled reacticn
in the second case, its formation is not easily observed in the DTA trace
(Fig. 1(d)). This behavior and the information obtaired from the XRD
analyses clearly lead us to conclude that the spinel phase alone is

responsible for the exothermic reaction.

Further evidence supporting this conclusion was obtained through
beam~induced in-situ heating experiments performed in a TEM. Although in
the in-situ experiments, the exact temperature of the samples could not be
measured, approximate temperature ranges could be determined through
‘comparison of the microstructures with those of ex~situ ones. Three
different characteristic stages were observed (Fig. 2). The brighr field
(BF) image in Fig. 2(a) was taken after the dehydroxylation had started.
The formation and growth of light-color patchy regicns are interrreted to
be associated with the loss of structural water, fter the completion of
this dehydroxylation prccess, the structure was determined to be amorpnous
by electron diffraction. The image in Fig. 2(b) was taken ugon further
heating, but to a temperature low enough so that crystallization wouid not
occur, Careful inspection of this figure reveals a structure siz:ilar to
that obtained in spinodally decomposed systems., Further heatins to a
higher temperature first resulted in the growth of these phase ceparated
regions and then the formation of a crystalline phase tock place. As
revealed in the bright and dark field (DF) pairs of Figs. 2(c) and (d),
respectively, the size of the crystalline regions was - 5 - B nm.
Although we could not obtain isolated electron diffraction patterns, the
analysis of the superimposed patterns indicated only the presence of a
cubic spinel type phase but not mullite. This ohservation then also
supports the view that spinel and mullite phases do not form in parallel
reactions. Spinel formation takes place first, after a phase separation

process in the metakaolinite,.

In order to unambiguously determine that the crystalline phase formed
at the 980°C reaction belongs to a spinel phase, we attempted to grow
larger spinel crystals on which electron microdiffroction experiments would
be performed to obtain isolated diffraction patterns. For this purpcse,

samples were externally heated at prolonged times (1 day) at temperatures




Y

”e

near but below the exothermic reaction. As illustrated in the TE! images
of Fig. 3, we were successful in growing the spinel grains to sizes larger
than 100 nm. The bright field (BF) image in Fig. 3{(a) from a corner of a
particle indicates variations in the structure resembling a contrast asso-
ciated with a crystalline area, In fact, the corresponding dark field (DF)
image in Fig. 3(b) clearly reveals the morphology of the crystalline region
which is surrounded by an amorphous phase at the edge of the particle.
Microdiffraction patterns were received from this region by using a 400 R
diameter electron beam. The microdiffraction pattern in Fig. 4(c) corres-
ponds to a <114>;.. zone axis orientation. The specimen was further tilted

to another orientation, now near <122> to unambiguously confirz the fcc

fece
structure of the spinel phase. Similar experiments were also periormed cn

another spinel crystal (FeZn03) which was used as a standard for comparison.

The growth pattern of the spinel phase was evidenced frca the
resolution images taken at high enough magnifications to reveal the crystal-
lographic planes of the spinel grains (Fig. 4). There are geveral izage
features worthwhile to describe here in studying the formation and the

growth of the spinel phase at small scale. Firstly, in fig

S

. 4(a), two cets
of Moire fringes are revealed on the lcwer part of the micrograph indicating
that there are two thin layers of crystals situated on top of each other
possibly with an amorphous layer in between. This indicates that spinel
phase grows in layers within an amorphous structure. There iz only one
layer, however, near the edge of the particle as indicated by CF and LT
(corresponding to cross fringes and lattice fringes, respectively) where the
thickness of the region in the electron beam direction should be consider~
ably small. Another important image feature is the appearance of the very
small regions, 1.5 to 4.0 nm in diameter (as indicated by black arrows), in
Fig. 4(b). These small crystallites are forming in the amorphous matrix
near the edge of the particle. They exhibit similar lattice spacing with
the larger crystallites, such as the region on the lower left of the same
micrograph, where the phase front (indicated by fat arrcws) advances towards
the small cryrallites probably joining with them eventually and extending

the spinel region all the way to the edge.



3.2 Composition of the Spinel Phase:

The observation of the spinel phase alone in an amorphous matrix,

. during in-situ heating experiments, led us to design another experiment to
answer the second question associated with the composition of the spinel
phase. In previous studies!3 16 tpe composition of this phase was always
determined through indirect analyses. However, direct compositional
analysis is now possible by EDS in an analytical TEM if the spinel phase is
physically isolated from the surrounding amorphous phase. For this purpose,
the spinel containing samples, which were produced by extended heating

k7 days) at 850°C, were treated with 10 wtZ boiling NaOH. As a result,
bulk of the amorphous phase was leached out, gradually leaving the spinel
crystallites intact (Fig. 5). These figures are directly comparable with
the images presented in Fig. 2(b) where the spinel phase was fcrmed by
bean heating. The origiral shape of the kaolinite crystals is still
retained. Due to the leaching of the Si0O,-rich amorphous phase from the
bulk of the platelets, the irmages exhibit a contrast resembling a porous
structure.!? Direct microanalysis was performed by EDS on the clusters of
crystallites after different leaching times to measure the amount cf Al
and i from which the amounts of Al,04 and 5i0, would be calculated. Fig.
6 illustrates the results of the analysis where the amount of £i0, is
plotted with respect to the leaching tizme. The analysis of this plot
indicates that at extended leaching times (> 25 min.) the rate cf leaching
of $i0, approaches zero below 10 wtZ Si0o,. It is important to point out
that during the leaching process, the spinel crystals appeared to be
unaffected visually. Their XRD patterns were also not different compared
to the unleached and 40 minute-leached samples. This indicates that
neither the particle size nor the composition of the spinel was changed
through a possible reaction with the leachant., These direct microanalysis
results clearly disprove the validity of the previously reported Al-Si
spinel models with significantly higher (> 28 wtl) silica contents,13.16
On the other hand, these leaching experiments do not elizinate the possi-
bility that the spinel phase might actually contain less than 10 w3
silica if the amount measured by EDS included some contribution from the

surrounding (unleached) amorphous silica,




It should be emphasized that as the leaching time is extended the
amount of Si02 left in the structure decreases, although less so as the
leaching time is prolonged. The important question is whether this 5i0, is
in solution in the spinel phase or it is left between the spinel regions
which are still intact. Assuming that treating with NaOH only affects the
SiOZ layer between the spinel grains but does not readily affect the layers
trapped between the two spinel grains, we calculated the amount of silica,
at a thickness of 0.25 nm, that may still be present between closely packed
particles of 5 - 8 nm in size to be nearly 10 wt%. The close agreement
between this calculated value and the amount determined by EDS analysis then
supports the view that the actual amount of silica could be less than 10
wtZ. This argument is also supported by the fact that by prolonged leaching
treatment the amount of §i0, continuously decreases, although the rate is
very small. In fact, as evidenced in some EDS experizents perforced on
occasional spinel particles suspended at the edge of the powders (similar to
the ones shown in Figs. 4 and 5, but now in the leached sample), we obtained
EDS spectra which displayed only Al peak, and a negligibly small 3i peak,
Fig. 7.

4.0 CONCLUSIONS

The main conclusion of this work is that the 980°C exotherm in the
kaolinite to mullite reaction series is caused by the formation of a spinel
phase but not by the parallel formation of spinel and mullite as reported in
previous studies,3+14,16 It is also concluded that this spinel contains not
more than 10 wtX silica (if any). It does not contain a large amount of

silica as has been accepted previously.”'16
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Fig. 1:

Fig. 2:

Fig. 3:

Fig. 4:

Fig. 5:

FIGURE CAPTIONS

X-ray diffraction ((a) and (c)) and differential thermal analysis
((b) and (d)) patterns of kaolinite after an isothermal heat treat-
meat at 8509C for 1 day ((a) and (b)) and 7 days ({c) and (d)).

In the XRD patterns, pseudoanatase and spinel peaks are labeled

as p and sp, respectively.

Morphological changes that take place in kaolinite during electron
beam induced in-situ heating experiments: (a) BF image revealing
the microstructure during dehydoxylation; (b) Microstructure of
metakaolinite before the 980°C exothermic reactiony (c) and (d) are
the BF and DF images, respectively, which reveal the spinel

crystallites in an amorphous matrix.

Spinel phase grown at < 980°C for 1 day. (a) and (b) are BF ana
DF images, respectively, revealing the morphology. ({c) ard (d)
are microdiffraticn patterns near <l143>¢.. and ¢122>¢.. zone axis

orientations, respectively.

High resolution images of a sample heated at ¢ 980°C for 1 day.
Images (a) and (b) were taken from region (1) and (2),
respectively, of the crystal shown in the inmset. In (a), two sets
of Moire fringes (indicated by MF1l and MF2) are shown suggesting
layers of crystals. In regions indicated by CF (cross fringes) and
LF (lattice fringes), there is only one layer. In micrograph (b)
beyond the phase front (between the spinel and the amorphous
matrix), there are small crystallites (patchy regions with cross
fringes indicated by the black arrows near the edge) forming in the

amorphous phase.

(a) and (b) are BF images of the sample heat treated at 850°C (1
week) and leached with NaOH to isolate the spinel phase. Images
were taken under slji “.tly underfocus condition to reveal small
scale crystals (dark contrast) and pores (light contrast) left

after the removal of the matrix Sioz phase.
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Fig. 6:

Fig. 7:

The amount of silica left in the spinel containing specimen as a
funcrion of leaching time, The wt% silica was calculated from

the amount of Si measured by using EDS analysis in the TEX.
An energy dispersive X-ray spectrum received from a spinel crystal

formed in a sample heated in the vicinity of 980°C. Only the Al

peak is observed, and almost no Si is present in the structure,

13
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HIGH RESOLUTION TEM STUDIES OF MULLITE FORMATION IN METAKAOLINITE
Mehmet Sarikaya and IThan A. Aksay

Department of Materials Science and Engineering, University of Washington,
Seattle, WA 98195

Studies on the compressive fracture strength (759 MPa at 1500°C)! and the
flexural strength (700MPa at 1300°C)2 of polycrystalline mullite (3A1.0,-25i0.-
2A1,0,-5i0,) illustrate its potential for high temperature applications. In
the processing of these high strength mullites, molecularly mixed A1,0,-5i0,
precursors are used to enhance mullite formation rates and to achieve micro-
structural homogeneity in the submicrometer range.3 Reaction steps leading
to the formation of mullite in molecularly mixed systems are not adeauately
understood.* The prevailing problems center around (i) the composition of a
spinel phase that forms at around a 980°C exothermic reaction, and (ii) the
concurrent or subsequent formation and growth of mullite. Here, we reoort
our high resoiution TEM results on the formation of the spirel and rmuiiite
phases in a molecularly mixed precursor, metakaolinite (A1.0,-25i0.;.

Metakaolinite forms as the denydration product of mineral kaolinite at ~5:23°C
Althougn it retains the hexagonal morphology of the orininal kaolinite nlatas
(Fig. 1), metakaolinite appears amorphous. Inheat treatment of metakaoliniza

up to 1600°C, we observe three distinct reaction stages: (i) prior to the
exothermic reaction at 980°C, density fluctuations whicn result in a texture
similar to those observed in spinodally decomposed glass systems; [ii} at the
exothermic reaction, the formaticn of a crystallire phase with spinrel struc-
ture: and (iii) subsequent formation and qrowth of mullite. Here, we reoort
our observations on the last two stages leading to the formation of liaquid
free mullite grain boundaries.

Fig. 2 shows the spinel particles that form in the amorshcus retakaolinite
matrix at the 980°C exotnermic reaction. EDS ana CBED analyses indicatea
that this spinel phase is nearly identical to pure “-Al.0, both in ccrmrosition
and structure. Above 1000°C, while spinei particles disappear, the formation
of elongated mullite crystals occurs due, most likely, to a reaction zetween
the spinel phase and the amorphous matrix (Figs. 3(a) and (b)). The structure
of mullite was confirmed by microdiffraction experiments. HREM images taken
from these mullite crystals reveal structural details at atomic scale.
Mullite crystals grow by the formation of ledges along their long edges
(Fig. 3(c)) and the forward movement of these in the [001) direction. Meta-
kaolinite alone cannot totally transform to mullite since it is deficient in
A1,0,. Therefore, we adjusted the overall composition to that of mullite
through colloidal mixing of alumina with kaolinite. Mullites formed with
these mixtures have grain boundaries mostly free from any amorphous film
(Fig. 4). The formation of liquid free grain boundaries appears to be
responsible for mullite's superior performance at elevatea temperatures.
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FIG. 1.--(a) BF image of as-received kaolinite particles {suspended on Holy-C
film). BF images (b) kaolinite and (c) metakaolinite are seen before ana
after electron beam induced heating, respectively.
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APPENDIX XIV
High Resolution Electron Microscope Characterization

of Interfaces in Ceramics

(Sarikaya, Aksay, and Thomas 1985)
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HIGH RESOLUTION ELECTRON MICROSCOPIC

CHARACTERIZATION OF INTERFACES IN CERAMICS

Mehmet Sarikaya, Ilhan A. Aksay, and Gareth Thomas¥®

Department of Materials Science and Engineering
University of Washington, Seattle, WA 98195
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ABSTRACT

High resoiution electron microscopy (SEZM) is useful in bring-
ing out the microstructural variations, such as structural details
at grain boundaries, at very high resoluiions, even at actomic
levels. An important aspect is the examiration of the surface
irregularities at the boundary regions which provide information on
the transformation characteristics of the rhcses. In this paper,
we present data on the microstructural charccteristics of some high
temperature ceramics (silicon nitride, rullite, and aluminum nit-
ride) with particular emphasis on the detection of grain boundary
amorphous phases. Furthermore, the HREM technique ‘s reevaluated
with reference to other techniques.

INTRODUCTION

Interfaces are of great fundamental and technological impor-
tance in polyerystalline ceramics since their properties, such as
electrical and mechanical, depend largely on the interfacial char-
acteristics. In the characterization of interfaces in ceramic sys-—
tems, electron microscopy provides a unique opportunity. TIn the
conventional mode, bright-field (BF) imaging does not have suffi-
cient resolution for interfacial details, especially in very thin
regions of second phases which may be present at grain boundaries,
However, high resolut.on electron microscopy (HREM) is an advanced
imaging technique which can provide invaluab.e information on the
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details of the interfaces, e.g., interfacial steps, and lattice

arrangements at or near the interfaces at atomic levels.,
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cially important is the detection of thin filwm amorphous grain

boundary second phases which usually occur in sintered ceramics,

Espe-—

“

The presence of amorphous grain boundary phases in ceramics is
generally associated with additives that are used as processing
aids. For instance, in the case of silicon nitride ceramics, as a
result of reactions between the surface silica present on the
matrix powder and the processing aids (such as alumina, yttria, and
magnesia) a liquid phase, which wets the grains and acts as a

densifying agent, is formed during sintering.

tion also arises during the sintering of aluminum nitride with
(e.g., silica or calcia) additives.® In the case of mullite, a
metastable liquid phase may be present during the course of densi-
fication.” 1In all cases, this amorphous grain boundarv phase, with

a low softening temperature, becomes responsible for the loss of

strength at elevated temperatures.

The goal of this paper is
two-fold. First, the techuni-
que of high resolution elec-
tron microscopy is discussed.
Second, the use of HREM in the
characterization of grain
boundaries in ceramics is il-
lustrated with case studies on
silicon nitride, mullite, and
aluminum nitride.

TECHNIQUE

An ideal condition for
imaging an interface between
two grains exists when the
interface is parallel to the
incident electron beam direc~
tion.>’*’'?% In this way, the
details of both surfaces on
either side of the boundary
will be clearly revealed. For
example, such a configuration
of the grain boundary with a
thin amorphous film is schema~
tically illastrated in Fig. 1.
Here, the boundary is seen
edge-on with respect to the
incoming electron beam. 1In
order to image the boundary,
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an objective aperture is used which encompasses the diffraction
spots due to both grains, as well as the diffuse ring (hatched) due
to the inelastically scattered electrons from the amorphous region.
Under favorable conditions consistent with the specimen-electron
beam orientation discussed here and.proper performance of all elec~
tron-optical alignments, a lattice image of the boundary region can
be resolved in a sufficiently thin region of the foil. If both of

the grains are in the zome axis (z.a.) orientation, then the atomic

periodicities are resolved as schematically shown in tig. 1, pro-
vided also that the correct defocus value has been set with an
objective lens with sufficiently high resolving power (~0.2-0.3
nm). The presence of an amorphous layer can then be discerned from
the lack of any atomic periodicity right at the boundary, even if
the layer is 1.0 om thick, The sensitivity of this image also
depends on the boundary tilt and the defocus value of the image.

Compared to other imaging techniques, such as diffuse dark~
field imaging (DDF)*’ in which the objective aperture is placed on
the diffuse ring produced in the diffraction pattern due to the
presence of an amorphous layer at the boundary, higher spatial
resolution is achieved by the lattice imaging technique. In addi-
tion, an amorphous layer might be caused due to external effects,
such as excessive carbon accumulation at the boundary groove which
occurs during the carbon evaporation to the surface of the foil, a
process used to prevent decharging during electron microscopy ob-
servation of insulators.

INTERFACE CHARACTERIZATION IN CERAMICS

Case I: Silicon Nitride

The silicon nitride compact used in this study was prepared
with high purity powders of B~Si;N.,, q-A1l,0;, and Y,03; with the use
of an aqueous colloidal filtration route.'? Densification was
achieved by liquid phase sintering at 1750°C and 725 KPa nicrogen
pressure.!? The fully dense microstructures produced after this
liquid phase sintering process displayed uniform distribution of
B-Si;N, grains (Fig. 2(c)). Two different second phases were
determined within the microstructure: one crystalline and the other
amorphous. Since there is no morphological difference between
these two phases, geometrical effects in the crystallization beha~-
vior may be disregarded. However, a compositional analysis by
energy dispersive x-ray spectroscopy (EDS) indicated a higher
yttria content in the crystalline second phase than in the glassy
regions, while electron energy loss spectroscopy {EELS) showed
higher oxygen content in the glassy regions.

The distribution of amorphous phase is homogeneous as
revealed in the DDF micrograph of Fig. 2(b). Although the regions
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Figure 2. (a) BF and (b) DF images from a thin foil showing
the distribution of glassy phase; (c) low magnification BF
image showing the general microstructure; (d) microdiffraction
pattern from glassy region revealing only diffuse scattering.

indicated as e and d produce similar contrast in the BF image of
Fig. 2(a), only the region d changes contrast in the DDF image. In
fact, microdiffraction from region e produces elastic scattering
while diffuse scattering is produced from region d (Fig, 2(d)).

At low resolutions and magnifications (Fig. 2(c)), it is not
possible to reveal whether or not grain boundaries are also covered
with a thin (usually 2-10 nm thick) amorphous phase, which is
usually the case in all liquid phase sintered silicon nitrides’’®
Therefore, it becomes necessary to perform HREM. The example given




in Fig. 3 is of interest for
several reasons: First, one
of the grains is Si-Al-Y~
oxynitride and the other is
Si /NN, Second, both of the
grains are in the z.a. ori-
entations. An amorphous

_phase is clearly seen in the

lower portion as indicated
by Am. However, as one
follows this amorphous
region towards the boundary,
it is seen that several
nanometers inside the boun-
dary the amorphous phase
ends. At this portion of
the grain boundary, atomic
periodicities in both grains
continue right to the boun-
dary and stop when they
reach each other. The
absence of any discontinuity
at the boundary then indi-
cates the absence of an
amorphous phase., Fig. 4
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Figure 3. HREM image of an inter-
face between a Y-Si-Al-oxynitride
and silicon nitride grainms.
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Figure 4. Details of the interface shown in Figure 3.



presents a series of images along the boundary revealing the de-
tails at very high magnifications. Again, the absence of any
amorphous phase film is made obvious by the presence of rows of
atoms in both grains at the points of contact.

One of the objectives in reducing the detrimental effects of
the amorphous phase is to crystallize it during cooling. This
crystallization can be achieved when the liquid phase, which is

present at the sin~
tering temperature,
reaches a composition
of one of the complex
yttrium-aluminum-sili-
con oxynitride phases.
Many factors can
affect this process,
such as compositional
variations due to in-
homogeneities in
mixing, and the tempe-
rature and pressure of
sintering., An example
of such a case is
shown in Fig. 5. At
the triple junction of
Fig. 5, where normally
an amorphous phase
would be present, lat-
tice fringes are re-
vealed which indicate
that the amorphous
phase has crystal-
lized. However, upon
a close examination of
the boundary between
this crystalline phase
and the silicon
nitride grains, one
can still see a thin
layer of amorphous
film., Micrographs
taken along the
boundary region
between the silicon
nitride grains indi-~
cate that this film is
discontinuous and the
rest of the boundary
is free from any amor-
phous layer.

Figure 5. Low magnification HREM image
revealing a crystalline ptase, formed
from the amorphous phase, at a three-
grain junction.



Case 1I: Mullite

Mullite (3A1,0;+28i0,) is the only stable intermediate compound
in the silica-alumina binary system.'* Mullite’s main importance
as a structural material comes from the fact that it has favorable
thermal shock resistance, low specific gravity, good corrosion
resistance, and especially high creep resistance.'®

In the processing of mullite, recent trends have favored the
use of submicron size particles or molecularly mixed systems in
order to enhance the mullitization process during densifica-
tion.?’'®  The mullite compact that was examined in this current
study was similarly prepared by a colloidal filtration process of
submicron size alumina and kaolinite (A1,0;+25i0,+2H,0).!7 The
premise of the work was to show that if diffusion distances were
shortened, diffusion controlled reactions could be completed at
relatively low temperatures (<1550°C) to form liquid free mullite.
The results of the electron microscopy observations are as follows.

Figure 6. (a) BF and (b) DF micrographs from 1300°C sample.
The amorphous phase, G, surrounding the crystals, M, are also
revealed, Alumina crystals are still present as indicated by A.

In Fig. 6, the pair of TEM micrographs displays a characteris~
tic region of a sample that was heat treated at 1300°C for 1 hr to
achieve partial densification. In the BF image, small mullite
crystals with well defined rectangular shapes are seen in various
orientations. This is more clear in the dark~field (DF) micrograph
(b), which was taken by using a superimposed reflection formed by
the diffraction from those crystals which change contrast. The
size of these crystals ranges from 10 to 100 nm. Mullite particles
are embedded in an amorphous matrix which is mostly $i02. (It
should be noted here that because of experimental difficulties and
uncertainties, quantitative chemical analysis by EDS method was
not performed.) The distribution of this glassy phase is seen as a
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Figure 7. (a) BF image from 1500°C sample. (b) and (c) are
are HREM images taken along the boundary shown by arrow in
(a) revealing the absence of any amorphous layer.

faint bright background in the DF image (due to diffuse scatter-—
ing). The duration of sintering at this temperature was not suffi-
ciently long enough to result in complete dissolution of the alumi~
na grains within the amorphous matrix., Therefore, some alunmina
still remained in the compact (as indicated by letter A in the
micrograph).

A portion of the microstructure evolved after a densification
treatment at 1500°C, for 1 hr, is shown in Fig, 7(a). In compari-
son to the 1300°C treatment, considerable growth of mullite crys-
tals has occurred at the expense of the surrounding matrix., Al-
though an amorphous phase could still be detected in certain por-
tions, the amount is reduced considerably and many mullite-mullite
grain boundaries appear to be free of the amorphous phase. HREM is
utilized to examine the mullite grain boundaries. A favorable
configuration of imaging is presented in Fig. 7, where the boundary
between grains B and C, each exhibiting one set of fringes, was
examined. The fringes in grain C are continuous up to the interface
where the fringes in grain B are also revealed. It was ascertained
from this and other micrographs that many grain boundaries were
free from an amo+vphous phase.

Case-=I11I: Aluminum Nitride

AlIN is a member of the SiAlON system and is used for high
temperature applications. Only limited work has been reported on
the Al rich corner of the Si02-Al.0)-Si3iNu-ALN system. " *¥similar
to the silicon nitride ceramics, ALlN can be sintered with the aid
of sintering additives such as silica and calcia. Small amounts
of silica (5-10 %) produce alloys near the 2U phase ficld.’ The
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samples in the present investigation (with 102 Si0O, addition) were
prepared by a two stage sintering process: First at 2000°C and then
at 2100°C under 300 kg/cm® pressure in nitrogen atmosphere.® In
this research, our intent was to study the 2H to polytypoid trams-
formation. HREM was utilized to examine the details of the 21/
polytypoid interface.

Conventional characterization of the microstructure revealed
high amounts of different types of polytypoids, in addition to the
original 2H structure.??’2! Polytypoids form because of the change
in the stacking sequence. The reason for the local change in the
hep stacking sequence (ABABAB.,) to cubic (ABCABC..) in ALN is
because of the deviation of Al/N ratio from l. As the Al/N ratio
decreases, more N is taken into the structure. Together with N, Si
and probably O are taken into the structure to keep the charge
talance. In fact, a recent study with EELS indicated that oxygen
is indeed incorporated into the polytypoid structure.’! There is
also 5-10% Si in polytypoids as measured by EDS and no Si ic the
original grains.**

An example of
the ALIN micro-
structure examined
in this study is
shown in Fig. 8.
In the low magni-
fication BF micro-
graph (b), one can
see a triangular
projection of a
three grain junc-
tion, which may be
interpreted as a
“"slassy pocket" at
this low magni-
fication., However,
the HREM micro-
graph in (a) re-
veals that this
region is indeed
crystalline and,

interestingly Figure 8. (a) Lattice fringe image and (b)
enough, has an BF image taken from the ALN sample showing
original 2H struc- the details of a boundary region (arrow).

ture rather than

the polytypoid seen on the right of the micrograpt, which repeats
itself through the whole grain. Another interesting feature in
micrograph (b) is the presence of several different polytypoids in
a grain seen at the top of the picture, which are 'frequently
observed in these samples. Therefore, in this grain, faulting is




not a regular single type but is a combination of different types
which repeat regularly throughout the structure.

It is often very useful to find grains which are half-trans~
formed. Examination of the interfaces between the transformed and
the untransformed regions reveals valuable information about the
nature of the interfaces which could be related to the mechanism of

transformation. Both straight boundaries and boundaries containing
" ledges were observed in an earlier study.>® Fig. 9 shows an ex-
ample of the latter type. In the BF image of Fig. 9(a), the end
part of the long grain is seen where, in either side of the grain,
two small pockets of the original grain (shown by arrows) were left
untransformed. The high resolution image in (b) reveals the de-
tails of the interface between the 2H and the polytypoid where the
steps, or ledges, at the interface are clearly seen. It was nypo~
thesized earlier-’® that the growth of polytypoids occurs when the
concentration of nitrogen reaches a critical value in the original
structure. Under a positive nitrogen atmosphere and high tempera-
ture, nitrogen is taken into the structure at the boundary by
forming ledges. The size of the ledges and, thereiore, the type of
the polytypoid is then determined by the local concentration of
nitrogen in the structure which dictates the Al/N ratio.

Figure 9. (a) BF image showing 2H/Polytypoid boundaries
containing ledges, and (b) HREM image revealing the de-
tails of the boundary indicated by B in (a),
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CONCLUSIONS

High resolution electron microscopy technique was used to re-
veal microstructural details ian some ceramic systems, Lattice
image analysis resulted in the following conclusions:

(1) At some grain boundaries of silicon nitride ceramics
(fluxed with alumina and yttria) 2 glassy phase is absent and in
some cases even a crystalline second phase is observed at three
grain junctions.

(2) In mullite ceramics, mullite-mullite grain boundaries are
shown to be glass-free provided that sufficient time is allowed
during the densification stage to achieve an equilibrium phase
structure.

(3) AIN doped with 10% silica does not contain a glassy phase
but has polytypoids in which the Al/N ratio deviates from the value
in the original, 2H, structure. Stepped, or ledged, interfaces as
well as straight boundaries can be formed between polytypoids/ll
grains depending on the transformation stage.
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HIGH RESOLUTION ELECTRON MICROSCOPY CHARACTERIZATION OF
GLASS-FREE MULLITE

M. Surtkava and 1.1, fksay
This paper widl be subnuiied and published i the near future.

A detinled charactenzation of interfaces of mullite, 3A1,03.2810; was performed by using
high  resolution  transtussion  electron microscopy  imaging  technique  (IHIREMY.  The
poivervstalhine mulhte was prepared by mixing kaolinite, A1303.28105.211,0, and fine a-AlO,
powders hy collondal technigues. Upon heating, mullite crystals started (orming at temperatures
as low as IR and they graduaily grew in [001] preferential directions up to 1600°C, the
temperature at which complete sintering takes place. It was found by [HREM that mullite
houndarnes were Iree rom intergranular amorphous films. This result is attributed to the
success of the processing technique.
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Infrared transparent mullite through densification of monolithic gels at 1250°C
N. Shinohara, D. M. Dabbs, and I. A. Aksay

Department of Materials Science and Engineering, FB-10
College of Engineering
University of Washingron
Seattle, Washington 98195

Abstract

Infrared transparent mullite (3A1:03'25io ) was formed at 1250°C through densification of monmolithic

5 gels. The gels were prepared through colloiial mixing of boehmite (ALOOH, aluminum monohydroxide) and
tetraethoxysilane (TEOS). After four hours at 1250°, monolithic gels densified to 98% of the theoretical
density (TD). Densification was promoted by viscous phase deformation of silica (Si0,) during sintering.

s The ,extent of densification was found to be dependent upon the extent of agglouera:ioﬁ of boehmite powder in

. suspension. Transparency in the infrared region was obtained as a result of mullite formation in the
sintered product. The microstuctural evolution during densification and the concomitant spectral transait-
tances were characterized.

1.0 Introduction

Mullite is considered to be an important gtructural material for high temperature applications.l Recent
advances in the manufacture of high putity2 2ontrolled microstructure mullite has also revealed its
potential for optical and electromic uses.*” In this paper, we present data on the infrared transparency
of high density mullite processed through densification of monolithic gels at 1250°C.

Mah and Hazdiyasniz. Prochazka and Klug3 and Ohashi et ul.s. have all reported on the infrared transpa-
rency of fully dense mullite. Each group found it necessary to either apply high pressure or high vacuua at
temperatures above 1500°C in order to realize full densification. In contrast to these high temperature
densification methods, various ipvestigators attempted to densify mullite through lover temperature
(¢<1300°C) densification of gels.®™® Yoldas® manuiactured a transparent aluminosilicate at 1300°C using
dried gels. Transparency was achieved through the fgrmation of nanometer sized pores, resulting in lower
relative densities and reduced strength. Wei et al.’ formed gels from colloidal boehmite (ALOOH) particles
and_tetraethoxysilane (TEOS) and sintered these at 1250°C to 93% of theoretical density (TD). Komammeni et
al.” have recently reported the formation of mullite from gels having 96% and 97% TD. These ceramics were
sintered at 1200° and 1300°C respectively. Fine grain (<1.0 um) microstructure and translucency were
observed. However, the transparency of the densified gels in the infrared region was not investigated in
any of these studiesg.

The intent of the present study has been to investigate the formation of infrared transparent mullite
\\- through low temperature densification of monolithic gels. Unlike previous studies, we have successfully
densified monolithic (>2.5 ca in dia.) gels to densities above 97% TD. The densified gels displayed
infrared transparency at 1250°C upon formation of mullite. The synthesis and the infrared transmittance of
these materials are discussed in the following sections.

2.0 Experimental

Monolithic gels were produced from colloidal boehmite powder suspensions and TEOS. Shinchara? determined
that boehaite sgglomeration affected the sintering behavior of the gels. Fig. 1 shows the relationship
between the bulk densities reached at different sintering temperatures and the agglomerate size in sus-

i pension. Thus, in the formstion the gels for this study, the agglomerstes larger than 0.3 um were removed
through classification by allowing the boehmite suspension to settle for over two weeks before using.

t After classification, the boehmite suspension was wixed vigorously with partially hydrolyzed TEOS
solution st pH 2.5 for approximately four days. The partial hydrolysis of TEOS solution in advance of
mixing it with the boehmite suspension was necessary Co prevent segregation of TEOS during gelation., For
this partial hydrolysis, one mole of water was added for each mole of TEOS in an acidic solution (pK 2.0) at
room temperature. At the completion of the mixing, the resultant mixture was dried st 60°C until the onset
of gelation. The incipient gel was thereupon cast into a plastic dish and allowed to completely dry at room
temperature for several days. The dried gels were subsequently sintered ‘in air.

)

Samples of sintered gels were lapped and polished for use in infrared transmigsivity measurements.
Transmissivity of monolithic samples vas measured on a Nicolet 5DXB FTIR spectrometer. Crushed specimnens,
suspended in pressed KBr pellets, were used to gather chemical and phase informaticn.
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Figure 1. The classification of boehmite powder suspensions results in enhanced densi-
fication. After two weeks of undisturbed sedimentation, agglomerates larger
than 0.3 um were eliminated from the suspension. Higher densities were then
achieved for the range of sintering temperatures shown. Further classifi-
cation is expected to improve densification.”

3.0 Results
3.1 Densification of gels:

Dried gels of two different compositions were sintered at several temperatures. Samoles of type M yere
made from a mixture of boehmite and TEOS calculated to yield stoichiometric mullite, 3Ai,04°25i0,. The
sample type M+l was made from a mixture calculated to yield a final product containing one weight parcent
excess silica. Fig. 2 shows the effect of sintering temperature upon the density and porosity of stoichio-
metric (type M) samples.” As shown, densification is rapid between 1200 and 1250°C. Sizilarly, in iso-
thermal sintering at 1250°C, the most rapid densification was achieved within the first hour thereafter
proceeding rather slowly (Fig. 3). This rapid densification is attributed to viscous pnase detormation of
silica before the onset of mullite formarion at 1250°C (Fig. 4(A)).” The higher densities achieved by the
silica-~rich M+l gamples also support this viscous phase densification mechanism (Fig. 3). The decresse in
the apparent density above 1200YC (Fig. 2) is due to the entrapment of porosity associated with the boenmite
sgglomerates that were not totally eliminated in our colloidal processing.

3.2 Infrared transmittance:

Three ssmples were used for infrared (IR) transparency messurements. Table ! lists the sintering tempe-
ratures and densities of these samples. In both samples A snd B, mullite was detected as the only crystal-
line phase; vhereas, sample C shoved theta-alumina as the crystalline phase but no mullite. The higher
sintered density of sample A with respect to that of saaple B at 1250°C is attributed to the presence of
axcess gilica in sample A. This observation provides additional support for the mechanism suggested above
on the enhsnced densification due to viscous deformaction of smorphous silica.

Table 1. Sintering data on the samples used
for IR transparency seasuresents.

Sintering
Sasple Type Tesperatute, °C 2 TD

A el 1250 97.8
| ] L] 1250 95.2
c L 1200 15.9
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Figure 2. The densification of mullite forming gels Figure 3. Isothermal sintering at 1250° revesls
with respect to temperature demonstrates the advantages the role of viscous phase deformation in densi-~
of the sol-gel technique. The data shown was taken fication. Two compositions are shown: the
from densification studies on gels made from boehmite filled circles represent data taken from the
powder suspensions and TEQS. in amounts calculated to densification of silica enriched gels (type M+l
yield stoichiometric mullire (3A1,04°25i0,). The rapid samples in the text) and the open circles repre-
densification between 1200 and 1250°C is attributed to sent comparable data from gels which would yield
viscous phase deformation before the formation of mul- stoichiometric mullite (type M samples in the
lite. Once mullite has formed, densification shows text). The performance of the silica enriched
appreciably (Figs. 3 and 4(A)). The decrease in gels indicates that an increase in the presence
apparent density above 1200°C is due to the entrapment of a viscous phase (in this case, silica)
of pores contained within agglomerates which were not results in better densificatioa.

eliminated by classification.
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Pigure 4. X-ray diftraction patterns ot Sintered geis MaGe Iro@ SCOLCRAIORETriC smovats of boehmite and
TROS:

A. Sintering & gel at 1200°C for tvo hours results only in the forsation of theta-alumina
(cross-hatchad areas) and cristobalite (solid area).

3. A gel vhich is sintered at 1250°C for two hours completely transforms to mullite.
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Pigure S. The infrsred transaittance of three sintered gels was measured on monolithic samples

(Table 2) within the region of 4000 to 1800 cm”t (2.5 to 5.6 La:

A. A silica enriched sample (type M+l) sintered at 1250°C exhibited the best overall
tzansmittancy. Neo ‘xttlnlful bands were observed at the higher wavenuanbers and the
intensity of the 2286 cs™ ' absorbance was reducad.

B. A stoichiometric lﬂ’l. (type M) sintered at 1250°C had intermittant transmittancy.
A lf!ﬂnlit 2286 cm’ © absorbance the the presence of silanol bands (3746 and 3557
ca” ") indicate the presence of a second phase, probably silica rich, which would
explain the decrease in transmittancy.

C. A stoichiometric ssmple (type M) sintered at 1200°C had no transsittancy within the
zegion of interest. This opacity clearly shows the importance of aullite to the
transparency observed in samples A and B.

Tsble 2. Deta on the infrared transparency of sintered gels.

Thickness _ T T
Sample (um) T Vax Vso (2635 ca’l)
A 0.33 97.8 3788 2031 0.83 0.59
| ] 1. 95.2 2435 2086 0.54 0.56
c 1. 75.5 - - -~ -

Fig. $ contains the infrared transmittance spectrs for samples A, B, and C within 1800 to 4000 ea~! (5.56
to 230 um). Table 2 reports the salient features of esch semple's spectra.

Table 2 includes the vevenusber st maximum trangaittance (3. the vavenusber st 502 of maxisum transait-

tance (v”k). the wessured tramsmittance st 2435 ca™" (Tyq35) and the trancmittance st 2435 ca™ ' normalized
to s thickness of 1 mm. (T"5,40).
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Figure 6.

Samples of the sintered gels whose IR transmittancy is shown in fig. 5 vere taken for
chemical analysis using FTIR. Chips were ground, mixed with KBr powger, and pressed
into pellets for transmission analysis. The region 400 to 1800 ca * was chosen tor
the wealth of chemical inforzmation available for aluminosilicates there: Samples (A)
and (B), silica-enriched and stoichiometric gels respectively, both sintered at
1250°C, exhibited much the same spectra in this region. Complete characterization has
not been completed at the tize of writing, but these two sampies are quite obviously
sullite. Sample (C), & stoichiometric gel sintered at 1200YC, had a spectrua
indicative of an aluminate, but one lacking the mullite structure. Peaxs at 1630 and

1384 ca™! are due to the presence of water in the KBr zatrix and hydrocarbon residue
within the gels, respectively.

The poor transsittance of sample C vhen compared to that of samples A and B demonstrates the importance
of mullite to infrared transparency, As seen in the XRD pattern (Fig. 4), there vas no detectsble mullite

phase in the samples sintered at 1200°C. Similarly, the fingerprint spectra shown i& Fig. 6 show the
characteristic absorption pesks for sullite in samples A and B but not in sample (:.x

The band centered on 2286 cu~l appears on the spectra of sasples A and B. Prochetks and Klug? indicated
that this sbsorption increases iu intensity with increasing silics content in the sullite solid solution.
Our resulcs are in contradiction with this explanation. It iz obvious that the pesk intensity is greater in
the sample vith less silica, sssple B, than it is in the sampie with the greater amount of silica, sample A

This observation suggests that the pesk intensity is not simply &ecaciated with the asount of dissolved
silica in mullite.

Ssmple B also exhibits bands at 3746 cal (very sharp) and at 3557 et &bd-oad). These bands have been
shown to be sssociated with silsnol (5i0H) groups within the silica network. The 3557 ca! band is due to
hydrogen-bonded silanol groups, whilst the 3746 ca” ' band is due to unassocisted silanol groups. The
presence of silanol groups sight also indicate the existence of a residual asorphous silica phsse within
saspie B, If s second phase vere found to be present in this sasple, the,lover transmissivity of sample B
would be explained. XRD analyis of casple B gave a spectrum with very weak pesks which vere thought to be
due to silica, but presently this is uncertain. Transmission electron microscopy (TEM) sight revesl a
second phase if it exists, and such analysis 18 nov being planned.
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The spectra shown in Fig. 6 cover & region rich in information concerning the sluminosilicates.!! Subtle
differences exist betveen samples A and B, differences which have not as yet been satisfactorily explained.
It is known that complex reaction sequences occur during the formation of gullite ar high temperatures. 3
The absorption spectra of these mullite ceramics probably result from slight variations in the reaction
sequence. Further infrared characterization, coupled with other techniques, will be necessazry to fully
interpret this fingerprint region. However, with respect to processing-related problems. two bands common
to samples A, B. and C should be noted. The sharp peak at 1184 cm™ " appears as a result of the presence of
residual hydrocarbon within the sintered body from the ethoxy groups found on TEOS. Presently, a process to
prevent hydrocarbon entrapaent has not been determined. The band at 1630 ca ! can arise from two contribu-
ting vibrations: first, water adsorbed into the K3r marrix, giving the broad band visible En samples B and
C: and second, & 5i0, netvork vibration, resulting in the sharp peak apparent in sauple A0 The presence
of this band in unpf. A which lacks other characteristic silica peaks is not undersrood.

4.0 Conclusions

Infrared transparent mullite was sintered from monolithic gels at 1250°C to densities as high as 98% D,
The entrapment of porosity in the sintered gels was found to be associated with boehmite aggiomeration. The
transparency of sintered gels in the infrared region was dependent upon the formation ot mullite at around
125Q°. Infrared absorption analysis can detect small phase differences existing in samples of nearly
equivalent composition.
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Processing and Microstructural Characterization of
B4C-Al Cermets
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ALEKSANDER J. PYZIK AND ILHAN A. AKSAY
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University of Washington. Seattle. WA 98195

Reaction thermody ics and ing dies were employed to I boron
carbide—aluminum cermets. Wetting phenomenon and interfacial reoctions are
characterized using ‘‘macroscale’’ and ‘‘microscale’’ techniq Macr k

i involved alumi ile drop studies on boron carbide substrates.
Micr ! luation involved the fabrication of actual cermet microstructures
and their characterization through SEM. X-ray diffraction. metallography, and
electron microprobe. Contact-angle measurements and interfacial-reaction prod-
ucts are reported.

{ntroduction

The intent of this study 15 to apply thermodynamic fundamentals as a
means of achieving lightweight boron carbide-aluminum (B,C-Al) com-
posites. To do this. we analyzed cermet svstems based on chemical reac-
tions and wetting phenomenon.

Aluminum is preferred for the development of B,C-cermets because
it is a terrestrially stable metal phase with a low specific gravity. It is also
ductile. nontoxic. relatively inexpensive. easy to obtain. and available in
corrosion-resistant forms. Boron carbide-aluminum cermets have the po-
tential for offering a combination of high hardness and toughness in a
lightweight structure.

Detailed selection criteria for other B,C-metal cermet systems have
been established.! Cermets can and have been made using nonreactive

" metal phases.>* Most nonreactive metals tend to be nonwetting* and are

not suitable for liquid phase sintering purposes. However. reactive sys-
tems usually meet the wetting requirement. and thus have considerably
more to offer because they (1) may be consolidated by energy-saving-
pressureless techniques, and (2) by nature of the chemical bond at the
interface. can offer cermets with ‘tailorable’™” prcperties. B,C-Al system
is in this latter group.

Cermets are processed by powder metallurgical techniques. Such
techniques have the advantage of permitting excellent control of the cer-
mets’ composition, size. and shape. Cermet powders are sometimes
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formed into shapes by hot pressing. extrusion. slip casting. or dry press-
ing. In the processing of most cermets. the key objectives are (1) to obtain
a pore free microstructure, where the ceramic grains are homogeneously
distributed in the metal matrix. and (2) to ensure that a good adhesive
bond is established at the ceramic-metal interface. Fully dense micro-
structures are usually achieved by sintering in the presence of a liquid
phase.

Experimental Procedure

We performed experiments under macroscale and microscale condi-
tions. then compared and integrated these results with those of the liter-
ature.

Macroscale experiments examine processing fundamentals that influ-
ence cermet microstructures through the use of large-size constituents.
These experiments involve contact-angle studies of high-purity aluminum
heated atop polished boron carbide substrates (1 pm finish). After heat
treatment was completed. we measured contact angles to within one de-
gree using a protractor grid and an optical 10X telemicroscope.

Microscale experiments were structured on the macroscale results
and invoived the evaluation of sintered compacts. Cermet powders were
mixed in an alcohol slurry, ultrasonically treated. and then filtrated
through a plaster-of-Paris mold. The powders were then cold pressed at
138 MPa. because higher pressures led to striations in the green body.
Pressureless sintering was performed inside a resistance-heated vacuum
furnace at pressures of 1.3x10 ™ to 10 ~* Pa. Some samples were sintered
in flowing argon inside an Al.O. tube furnace at atmosphenc pressure.
Some of the sintered compacts recenned hot-isostatic pressing at
750°-1000°C and 207 MPa forup to 1 h.

Cross sections of the cermet microstructures were polished toa | um
finish. then examined metallographically and with a scannming electron
microscope. To determine the reaction products in the microstructures.
we examined the samples by X-ray diffraction. energy dispersive spectro-
scopy. and electron microprobe analysis.

Thermodynamic Model

Reaction Thermodynamics

If sintering in the presence of a liquid phase is to occur. the cermet
system must satisfy the reaction thermodynamic criterion that the solhd
ceramic phases be partially soluble in the liquid metat phas¢s. This con-
dition is termed *‘forward solubility.”” ’

Forward solubility is best illustrated by examining the WC-Co cer-
met system. This system can be successfully liquid-phase sintered using a
low vol<z metal phase between | and 30 vol™. The svolubility of WC in co-
balt under equilibrium conditions is 1 wt<z at 800°C and 2 wt? at 1000°C.
The solubility of cobalt in WC is negligible.' Since this system satisfies
the forward solubility condition required of all cermets. it is appropnate
to model B,C cermets similarly.

Figure | schematically represents the model along with the WC-Co
system. This model demonstrates an important point with respect to the
chemical stubility of the cermet system. For uny particular 1sotherm. the
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ceramic phase (WC or B.C) forms a composition band that connects to
the pure metal (or alloy) phase located atop the diagram. However, since
it is desired to produce a low vol% metal-phase cermet. this processing
region is further restricted to the cross-hatched area beiow the broken
line. Liquid phase densification requires that the systems within this
cross-hatched area must be in a phase compatibility triangle which in-
cludes the liquid metal phase as an end member. Otherwise, the forma-
tion of reaction products may lead to the depletion of the liquid-metal
phase during sintering. This depletion may occur if the solubility of the
metal in the ceramic phase is high, or if an intermediate ternary com-
pound forms as the reaction product. This undesirable condition is re-
ferred to as ‘‘reverse solubility.”” The WC-Co system does not suffer from
the detrimental effects of reverse soiubility and thus can be densified by
liquid phase sintering. On the other hand. as will be illustrated. the
B.C-Al system falls into the reverse solubility category and must be
densified by modified *echniques.

Capillarity Thermodynamics

The mechanism of liquid-phase sintering is also very much depend-
ent on the capillarity thermodynamic criteria of low contact angles and
zero dihedral angles. Early thermodynramic treatments®’ of wetting are
based on the mechanistic approach of Young.® Under these treatments.
the solid-liquid-vapor systems is assumed to be at chemical equilibrium.
ln wetting studies at elevated temperatures, however, the phases of a
solid-liquid-vapor system are often not at chemical equilibrium. Under
chemical nonequilibrium conditions. the effect of chemical reactions on
interfacial surface energies must be considered. because the phases of
the solid-liquid-vapor system react with one another through the inter-
face to achieve a state of chemical equilibrium. During these nonequilib-
rium dynamic conditions, the interfacial energies and the contact angle
are continuously changing.” Generally, wetting is achieved as a result of
chemical reactions.® Therefore. a nonwetting svstem can be transformed
to a welling state by taking advantage of chemical reactions.

Results and Discussion

Macroscale Conditions

Figure 2 shows the wetting behavior of liquid aluminum oa boron
carbide substrates. Results presented in this manner provide a very use-
ful processing guide. because both temperature and processing time are
considered. Unfortunately, most of the wetting data in the literature are
presented with the contact angle shown as a function of temperature only.
often without even mentioning the time of the experiment.

The micrographs of Fig. 3 illustrate the effectiveness of using wetting
data for processing. These micrographs show different fracture surfaces
for B,C-Al (36.4 vol%z) cermets processed at two of the isotherms in Fig.
2. After processing in vacuum for only 2 min at 1200°C. wetting conditions
(< <9) allow for strong tnterfacial bonding between boron carbide and
aluminum. This is evident because the ceramic grain has cleaved. fol-
lowed by ductile tearing of the surrounding aluminum matrix. Processing
in vacuum at 900°C for 2 min shows a completely different tracture mor-
phology. Under these processing conditions (8>>90°), strong chemical
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bond is not occurring at ceramic-metal interface due to the lack of wet-
ting. This results in failure of the metal matrix alone. since the boron car-
bide grains can now be torn away from their sites.

Figure 2 indicates that the processing atmosphere also alters wetting
behavior. For example. the same cermet processed at 1200°C in flowing
argon exhibits fracture behavior similar to that of Fig. 3(B).

Metallographic investigation of sectioned contact-angle studies indi-
cates that liquid aluminum becomes partially saturated with boron car-
bide, and that various interfacial reaction products form at the solid-
liquid interface. Depending on the processing isotherm. a considerable
amount of time may be required for the aluminum to completely react
with boron carbide and other interfacial products. This implies that if
full densification can be achieved prior to the possible depletion of alu-
minum. it should be possible to achieve stable room-temperature micro-
structures by *‘freezing in’’ nonequilibrium conditions during processing.

Microscale Conditions

Figure 4 shows the B-C-Al temary with most of the possible com-
pounds that can be formed. Not all of these compounds are present si-
multaneously and. as shown in Table . results indicate that only eight
have been observed in microstructures processed between 800°-1300°C.
These compounds govern the composition of phases that occur in
B,C-Al cermets.

The compounds AlCs. AliB4Ca (B-AiBy2), and the solid solution
AlB,.;C, are high-temperature forms that are not thermodynamically
possible at the processing temperatures of this study. Other forms of bo-
ron carbide. e.g.. B»sC. that exist outside the B-C homogeneity range
(9 to 20 at 7% carbon) were not observed. The compounds AlB,, and
AlB.C, are polymorphic and are not distinguishable by X-ray diffrac-
tion:> however. previous investigations”'® indicate that when carbon is
present. the latter form generally occurs. This is consistent with the com-
bined X-ray diffraction and electron microprobe results of this study.

The appearance of an aluminum-rich unidentitied phase also occurs
in B4C-Al cermets and is located in the proximity of the shade region of
Fig. 4. Attempts to identify phase X were unsuccessful because its X-ray
diffraction pattern did not match any binary AlB,. ALC,. B.C,. terna-
ty ALB,C,. binary or termary oxide. oxycarbide, or XDRF patterns.
Computer programs'' were employed to identify its structure. but no pro-
totype seems to exist.' Prefiminary results indicate that phase X may be
a new isotype.

Attempts to process B,C-Al cermets (with metal contents form 15 to
48 vol%) to equilibrium conditions were unsuccessful. X-ray diffraction
studies show that for any particular starting composition, the reaction
products always result in the depletion of aluminum.

With this understanding. it is now possible to go back to the reaction
thermodynamic model of Fig. 1 and determine how B,C—Al cermets fit
the established requirements. The model suggests that a low vol% metal
phase be maintained in the final microstructure. In a nonreactive. vet
wetting, B,C-metal system. the initial amount of metal phase will gen-
erally remain constant unless it is removed by some externai forces. e.g..
extrusion from high applied pressure or by evaporation. The reactive

739




"t

B.C-Al system, on the other hand. can have starting compositions above
the broken line if (1) reaction kinetics are sluggish enough to allow only
local equilibrium between any three adjacent phases. and (2) the reaction
products result in a microstructure with a low vol% metal phase.

Different microstructures were characterized using X-ray diffraction
and electron microprobe. Table I presents the results for cermets proc-
essed at an initial temperature sufficiently high enough to allow for a rap-
id decrease in contact angle. and then subsequently heat treated at dif-
ferent isotherms. Table | shows the local equilibrium phases that are
possible in these cermets, and it gives a qualitative analysis of the reaction
kinetics. Using Tabie | and Fig. 4, the reaction thermodynamic criterion
is now considered.

Figure 5 shows the microstructures of a “*low-temperature’” (800°C)
processed cermet and a ‘“high-temperature™™ (1300°C) processed cermet.
As indicated in Table [. BsC-Al cermets offer “tailorable’” microstruc-
tures through process control. In the 800°C microstructure. phase X and
AlB., are the major phases that form. Phase X is in local equilibrium with
aluminum and AlB.. and with AiB, and a-AlB.. In the 1300°C micro-
structure. the tendency is for AIB.,C, to form as the major phase. Local
equilibrium 1n the matrix occurs between phase X. aluminum. and Al,C..
Phase X is a metastable phase that will begin to decrease only when ail
the aluminum is depieted from the system.

Table {I suggests that controlied microstructures can lead to cermets
with various mechanical properties. Since it i1s possible to achieve good
interfacial bonding in cermets processed between 800°C and 1300°C by
initially applying the appropriate capiilaritv thermodynamic conditions.
further property enhancement must occur through heat treatment and
applications of the reaction thermodynamics required to obtain a desired
matrix.

In another publication. we present a more detailed account of the
processing mechanisms that occur in B,C-Al cermets.'' This publication
discusses how reactive-liquid-sintenng kinetics piay a major role n the
distribution of these phases. Without a uniformly dispersed starting
composition. however, kinetics will not allow the syvstem to reach full
density. Future studies. therefore. will attempt to achieve homogeneous
dislrillzulions in high-density green bodies through colloidal consolida-
tion.

Conclusions

Hard. yet potentially tough. lightweight B,C-Al cermets have been
manufactured by applying fundamental thermodynamic guidelines as
processing principles. ©

In these cermets. sintering occurs through the formativon of a
reactive-liquid-metal phase when in contact with the solid-ceramic
phase. Nonequilibrium wetting conditions occur due to chemical reac-
tions at the boron carbide-aluminum interface. These reactions cause a
dvnamic state in the surtace energies of the system. which lower the tree
energy and result in the spreading of the moiten metal phase.

Interfacial bonding is required so the characteristics of individual
phases contribute to the properties of the composite as a whole. Guide-
lines for cermet systems can be established based on contact angle data
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that imply these interfacial reactions. Chemical reactions result in indi-
vidual phases with unique properties that allow for “tailorable” micro-
structures. These reactions in turn control the evolving microstructure.

The unique properties associated with the individual phases occur-
ring in B,C—Al cermets illustrate that many "‘tailorable’’ microstructures
are possible.
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Table 1. Phase Behavior. after Capillarity Thermodynamic Criteria
Have Been Met, for Subsequent Heat Treatment at Different (sotherms

Temp (°C)| 800 | 900 | 1000 | 1100 | 1200 | 1300
Phase Behavior with increasing time
Al always decrease
B,C always decrease
X increase Poh decrease
e | e T
a-AlB, constant
Al,C, increase
AlB,,C, criga-se constant decrease
R

Table Il. Microhardness and Density Data tor Phases Obtainable in
B.C~Al cermets. (From Various Sources in the Literature: Table is
Meant to be [llustrative Only.)

Phase Microhardness (ka/mmZ)  Density (g/cm3)
B,C 2750 - 4950 2.52
AIBZ 980 3.16
a-AlB,, 2600 2.56
AlB,,C, (AIB,,) 2530 - 2650 254
AIB,,C, - 263
Al C, - 293
Al 19 2.70
Al-C(1w/o) 47 2.70
Al-C(2w/o) 65 2.70
Al-C(3w/a} 91 2.70
742
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Eutectic, 1T1v/o C

WC-Co
system

Eutectic, 28 vio W
CoyW, 32v/o W

Co,Ws, S7vioW
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WC,36v/oC
Fig. 1. The W-C-Co system.
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Fig. 2. Contact angle of molten Al on B4C
as a function of processing ime for vanous
isotherms and environments.

Fig. 3. B4C-Al (36.4 vol%) cermet sintered in vacuum
for 2 mun at (A) 1200°C and {B) 900°C.
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Fig. 4. B-C-Al temary phase diagram
showing most of the crystalline phases
that can occur. The triangie formed by
the dashed line and the B,C-Al initial
composition line corresponds to a hypo-
thetical extension of the boron carbide
solubility range.

Fig. 5. B{C-Al cermets showing different phases ob-
tainable after vacuum heat treatment at (A) 800°C for
24 h and (B) 1300°C for 1 hr.
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Abstract

The processing problems associated with boron carbide and the limitations of its mechanicai
properties can be significantly reduced when a metal phase (e.g., aluminum) is added. Lower den-
sification temperatures and higher fracture toughness will resuit. Based on fundamental capillarity
thermodynamics, reaction thermodynamics, and densification kinetics, we have established reliable
criteria for fabricating B,C-Al particulate composites. Because chemical reactions cannot be elimi-
nated, it is necessary to process B,C-Al by rapidly heating to near 1200°C (to ensure wetting} and
then subsequently heat treating below 1200°C (for microstructural development).

Introduction

Boron carbide (B,C) is a very hard (9.5" in
Mohs scalel.! low specific gravity (2.52), cova-
lent ceramic that offers distinct advantages for
applications involving neutron absorption.
wear resistance, and impact resistance. The ex-
treme sensitivity of boron carbide to brittle
fracture (K, = 3.7 MPa m'/?)%£ 2 apd the diffi-
culties associsted with fabricating fully dense

- microstructures are serious limitations, how-

ever. By using certain additives (e.g., graphite),
B,C sintered at high temperatures (>2000°C)
can produce microstructures with a high den-
sity (~98.2% of theoretical density).} Full den-
sity is usually achieved through costly hot-
pressing techniques’; however, even in a fully
dense form, boron carbide's sensitivity fo brit-
tle fracture remains a major limitation.

'8,C herein refers to the complete homageneous ranze of
compasitions fur boren carbide.

Qur experiments demonstrated that the
processing problems and mechanical propertv
limitations associated with B,C ceramics can
be significantly reduced by introducing a metai
phase (i.e.. by developing B,C cermets). If the
application is limited to low temperatures, then
a low-melting-point metal phase (e.g.. alumi-
num or aluminum alloys) can be introduced to
obtain lower densification temperatures
{<1200°C) and to increase fracture toughness
many times that of B,C. In addition, if the metal
phase has a low specific gravity, then the re-
sulting cermet can have improved mechanical
properties with low weight.

High-strength (>1000 MPa) B-C-Al com-
posites consisting of B,C-coated boron fibers in
an aluminum matrix (~50 vol® ceramic) have
been fabricated.’ Particulate B,C-metal com-
posites cur ;cently manufactured include ma-

‘Work performed under the suspices of the (1.S. Department of Energy by Lawrence Livermore National Laboratory under
coniract No. W-7304-ENG-48 and by the Air Force Otfice of Scientific Research under Grant No. AFOSR-83-0173 at the
University of Washington.
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teriais consisting of dispersion-hardened met-
als (<25 vol% B,C),'* Boral (30-50 vol% B,C),”
and-B,C-Cu cermets (~60 vol% B,C).* In these
composites, processing temperatures are kept
to a minimum (<1000°C) primarily to avoid
chemical reactions between B,C and the metal
phase.

In our work with particulate B,C-Al com-
posites, which have a greater ceramic content
(>33 vol%), we employed processing tempera-
tures ahove 1000°C to promote wetting and to
permit carefully controlled reactions in the
system. Wetting is necessary to achieve strong
interfacial bonding and to allow liquid rear-
rangement during sintering. If wetting does not
occur. external pressure must be applied to im-
prove consolidation; however, even pressure
techniques are not satisfactory for densifica-
tion of some high ceramic-containing (>60
vol%) composites.®

We illustrate the importance of achieving a
wetting condition in the processing of high re-
ramic-content (>335 vol%) particulate-based
B,C-Al composites. the importance of under-
standing the phase equilibria in the B-C-Al
systosn for the microstructural desian of these

- cermets. and appropriste processing methods

for producing cermets with negligible porosity.
Processing Experiments
Materials and Specimen Preparation

We used sessile drops formed (rom high-
purity aluminum shol (99.898% pure). hot-
pressed B,C substrates made from commercial
grade B,C powders, and B,C-Al compacts made
from commercial grade B,C and aluminum
powders.

To prepare these compacts. we mixed B,C
powder (throe particle-sizs distributions with
median sises of 4, 16, and 58 ymm, ESK) and alu-
minum powder (-323 mesh, Alfa Products) in
fsopropyl alcshol, uitrasonically mixed the
slurry to achieve homogeneity, and consoli-
dated the solids by filtration in a plaster-of-
Paris mold. These compacts were too weak for
handling purpuses; therefore, the composite
powders were subsequently cold pressed at
138 MPa (~20.000 psi). We found that higher
pressures resulted in undesirable striations in
the compacts.

Procedures

Our processing experiments included con-
tact angle measurements. chemical reaction

studies, and densification studies in the molten
aluminum + B,C system.

In conducting our contact angles experi-
ments. we placed aluminum sessile drops on
hot-pressed B,C substrates (polished to a 1-pm
finish) and heated them in a tungsten-mesh re-
sistance-heated vacuum furnace at pressures
less than 5 x 10 * Pa but greater than 10-* Pa
(typically between 10 " and 10 ® Torr). After
the specimens were vacuum cooled to room
temperature and taken out of the furnace. we
measured the contact angles to within 1° using
a protractor grid and optical 10x
telemicroscope.

To investigate the nature and extent of
chemical reactions at the B,C-Al interface. we
examined polished (1-um finish} cross sections
of specimens trom the wetting experiments us-
ing both optical and scanning electron micro-
scopes. Further studies included x-rav diffrac-
tion. energy dispersive spectroscopy, and
electron microprobe analyses to identilv the re-
action products 1n the microstructures ot the
sintered compacts.

In our densification kinetics studies. we
subjected the B,C-A) powder compacts to
pressureless sintering. hot pressing, and hot-
isostatic pressing (HIP). \We sintered specimens
in the tungsten-mesh resistance-heated vac-
uum furnace at the same pressures used in the
sessile-drop experiments. Hot pressing and HIP
were performed in accordance with the pro-
cessing information in Tables | and 2. To deter-
mine the level of residual porosity. we made
immersion densitv (Dow Corning 200. 2.0
centistokes) and bulk density measurements on
each compact.

Results and Discussion

Wetting

An important point to be realized is that a
nonwelting system can be transformed to a
wetting system by taking advantage of chemi-
cal reactions.’ Previous studies on the B,C-Al
system did aol correctly recornize this fact.
and as a result, both obtuse*! and acute'' **
contact antles were reported as equilibrium
values. Previous works'®!3 on B,C-Al compos-
ites were discontinued when it was concluded
that aluminum did not wet boron carbide.

Figure' | shows the contact angle of alumi-
num on boron carbide as a function of tem-
perature and time. Based on our contact angle
data, processing of B,C-Al composites below
1000°C cannot be accomplished by

- —— e o+
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pressureless sintering techniques since acute
contact angles are not obtained in reasonably
short times. By increasing the temperature. low
contact angles are obtained in reasonably short
times: however, because the vapor pressure of
aluminum also increases with increasing tem-
perature, an upper processing {emperature
limit is also necessary to keep vaporation of the
aluminum to a minimum.

The dynamic nature of the contact angle of
aluminum on boron carbide is associated with
the mass transfer scross the solid-liquid inter-
face as the system moves towards a state of
chemical equilibrium. During this dynamic

- stage the contact angle cannot be expected to

remain constant since the interfacial tensions
between the solid. liquid. and vapor phases
will be continuously changing as a result of
compositional and structural variations across
the intertaces. The nature of these reactions
will be discussed in the next section.

Reaction Thermodunamics

At least 9 ternary phases have heen re-
ported for the B-C-Al system.'®"?* conse-
quently, it is important to select processing
conditions that will allow only certain reaction
products to form so desired properties (negligi-
ble Al,C,) will be obtained. Previous attempts-®
to fabricate B,C-Al cermets were discontinued
when it was concluded that the reaction prod-
ucts were detrimental to mechanical
properties.

We investigated the reaction products that
occur under different sets of wetting condi-
tions. Figure 2 illustrates the resuits of our re-
action thermodynamic studies from 800° to
1400°C and the reaction products that form
when local equilibrium conditions are
schisved. Under these conditions, sufficient
sluminum is present to sustain the reactions
shown. For any starting composition, the initial
reaction products will always form at the ex-
pense of B,C and aluminum.

Figure 3 shows some of the characteristic
microstructures that can be obtained under
conditions of local equilibrium. An unidenti-
fied phase, called Phase X, forms at all of the
temperatures in this studv. Phase X can coexist
with B,C. Initial attempts to identily Phase X
were unsuccessful because its x-ray diffraction
pattern did not match any binary AL B, ALC,.
B.C,. ternary Al B,C,, binary or ternary oxide,
nitride. oxycarbide. oxynitride, or carbonitride
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Figure 1. Contact angle of moiten aluminum
on boron carbide as a funchion of processing
time for various isotherms at 5 x 10 " to 10 **
Pa. Measurements were obtained aiter sessiie
drop was turnace cooled lo room temperature.

XRDF patterns.’® Some of the characteristic x-
ray diffraction lines for Phase X have been re-
cently reported,’’ and energy dispersive x-ray
and electron microprobe analvses indicate that
Phase X is largely aluminum with smalier
amounts of boron and carbon.

In a recent study, Sarikava and Aksav®
characterized the crystal structure and compo-
sition of Phase X by transmission electron mi-
croscopy techniques. Electron diffraction stua-
ies indicale that the crystal structure of Phase
X is HCP with lattice parameters quite different
from any of iche other binary or ternary phases
in the B-C-Al system. Their preliminary stud-
ies by electron energy loss spectroscopy indi-
cate that the composition of Phase X corre-
sponds to 75%A1-10%B-15%C.

Boron carbide and aluminum react to form
Phase X. Under local equilibrium between 800°
and 900°C, AlB, and Phase X are the major re-
action products. Under these conditions Phase
X is stable, and it will decompase only after all
of the free aluminum is depicted from the sys-
tem. Above 1100°C there is less Phase X be-
cause aluminum is rapidly being depleted
throuch the formation of other more thermodv-
namically stable phases.

Figure 3(a) shows a typical microstructure
in lucal equilibrium at the 800° to 900°C rance.
Small grains (1-5 pm) of B,C are surrounded by
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Al,84 1Co
1AlgB4C i

A8, ,Cq
1AlgB,C 1}

AlBy C,

Ls.c

Figure 2. Thermodynamic-reaction-series map for B,C-Al composites initially densified at 1180°C
and heat treated under various isothermal conditions between 800° and 1300°C.

Figure 3. Boron carbide-aluminum cermets showing different sintered micrustructures obtained
afler initially heating to 1180°C for 2 min. then subsequently heat treating at (a) 800°C for 24 h
(initial composition: 80vol%B ,C-20val®uAl); (b) 1000°C for 1.5 h linitial composition: 70vol%B,C-
30vol%AlX and (c) 1300°C for 1 h (initial composition: 30val?%B,C-70voi%Al).




large, forming ceramic phases. After 24 h of
heat treatment at 800°C [Fig. 3(a)), there is
more Phase X and AlB, than B,C (initial com-
position: 80vol%B,C-20voi%Al). This micro-
structure reaches local equilibrium between
Phase X, AlB,, and B,C within tens of hours at
800°C. After 250 h some AlB, has decreased to
form AlB,,; after 500 h B,C, Phase X, AlB..
AlB,;, AIB,,C,. and AlC, are substantially
present in the microstructure. Further heat
treatment indicates a tendency to the rapid de-
pletion of Phase X and an increase of AlB,, and
AlLC,.

The hypothetical compatibility triangle
shown in the lower left-hand corner of Fig. 2
illustrates the tendency towards overall ther-
modynamic equilibrium. It is assumed that
overall equilibrium is achieved when AlB,.,
AlC,, and B,C coexist as stable phases.

Above 900°C but below 1200°C the follow-
ing microstructural differences occur: {1)
AlB,,C, is thermodvnamically favored over
AlB,, between 900° and 1000°C, and (2) AlB,
continues to form up to 1000°C, however,
above 1000°C AlB. is only present when the
microstructure is cooled. Figure 3(b) shows a
microstructure resulting from these local equi-
librium conditions after 1 5 h at 1000°C (initial
composition: 70vol%B,C-30vol%All.

Between 1200° and 1300°C further chances
in the microstructure occur: (1) Al,C, is form-
ing very quickly (this is associated with a de-
crease of the ternary Phase X), (2) AIB,,C, is
now favored over AlB,,C, and becomes the ma-
fjor ternary phase. (3) above 1300°C x-ray dif-
fraction patterns indicate the appearance of a
phase previously reported as Al,B, ,C,f* ' but
more recently reported as Al,B,C,.**" ** and (4}
at 1300°C Al,C, begins to crystallize in the
shape of short whiskers. Figure 3(c) shows a
microstructure characteristic of the local equi-
librium conditions after 1 h at 1300°C (initial
composition: 30vol%B,C-70vol%Al).

At temperatures above 1300°(. averall
equilibrium occurs only after all aluminum
and Phase X are completely depleted from the
system. This is followed by the decomposition
of Al,C, and the eventual coexistence of graph-
ite, 8,C, and AIB,,C, as the remaining stable
phases. The compatibility triancle in the lower
right-hand corner of Fig. 2 illustrates this
global equilibrium condition.

Our reaction thermodynamic study deter-
mined that local equilibrium conditions be-
tween 800° and 1200°C must be established so

that Phase X will evolve and consequently tie-
up most of the free carbon required to form
AlLC,. Because of its hygroscopic nature and
poor mechanical properties, Al,C, is unde-
sirable. Above 1200°C Jocal equilibrium condi-
tions do not suppress Al,C, formation; how-
ever, composites with Al,C, whiskers are more
chemically stable because of a protective layer
of Phase X around them. Therefore, to process
B,C-Al cermets it is necessary to rapidly heat
the composition to near 1200°C to ensure that
wetting occurs and then subsequenily heat
treat these compositions at temperatures below
1200°C if further microstructural development
is desired.

Densification Kinetics

Fully dense states can be achieved prior to
reaching desired thermodvnamic canditions e:-
ther by slowing down reaction kinetics or by
speeding up densification kinetics. Favorable
results can be obtained by emploving smail-
size powders; however, in our study the {arger
B.C powders (56 pm) were primarily used for
two reasons. First, because appropriate colloi-
dal processing techniques for codispersing bo-
ron carbide and aluminum powders had not
yet been developed, the 4- and 16-um B,C pow-
ders resulted in large asglomerates (250 um)
which led to microstructurai inhomogeneities
durine sintering. Secondly, we wanted to show
that B,C-Al composites could be fabricated
without agglomeration problems and at the
same time reduce the rate of chemical reac-
tions by decreasing the B,C-Al interfacial area.

Boron carbide-aluminum compacts will
neither undergo pressureless nor pressure-as-
sisted densification unless wetting occurs. Qur
pressureless sintered compacts always had re-
sidual porosity ranging from 28 voi% (for com-
pacts containing 3045 vol% aluminum) to as
high as 44 vol% (for compacts containing 15-30
vol% aluminum). This occurred despite the
fact that conditions for wetting were obtained;
however. compacts with larger B,C particles
(36 m) did achieve higher densities than com.
pacts with smalier B,C particles (4 and 10 gm).
Even when pressure techniques (vacuum hat
pressing and HIP) were applied 1o compacts
containing between 15 vol% and 60 vol% alu-
minum, po;osity was not completely elimi-
nated, althoush it was significantly reduced.

Hich levels of porusity in the pressureless
sintered compacts occurred because (1) at tem-
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Table 1.

Vacuum-hot pressed B,C-Al densification results. All runs took 75 min to reach maxi-

mum temperature. Maximum temperature hold time was 6 min at the indicated pressure with
pressure being applied after passing through 800°C. Processing environment was ~5 x 10°2 Pa
(102 to 10" * Torr). Samples were furnace cooled in vacuum under the indicated pressure. Porosity

was determined by bulk density measurements.

Aluminum contest B,C grain size Maximum temp Indicated pressure Residual compact porosity
{voi%) () (o] (MPa) {vol%)
» <2 1180 15 23
t ] <2 1180 13 8
e <2 1050 20 14
0 <20 1150 15 22
] <20 1100 135 13

peratures required for densification (wetting),
chemical reaction rates are faster than the
spreading rates for aluminum, and (2) at these
temperaltures the vapor pressure for aluminum
is higher than that of the vacuum-processing
environment employed. Both of these mecha-
nisms result in the depletion of aluminum. The
formation of new phases (reaction kinetics),
however, has the most detrimental effect.
When enough reaction products have formed.
the microstructure becomes *‘locked up"
prohibiting further rearrangement. This com-
bined with the fact that there is an insufficient
amount of molten aluminum to fill the remain-
ing pores results in high-porosity final
products.

Table 1 shows the results of the vacuum-
hot-pressed compacts. These resuits indicate
that increasing the aluminum content does re-
duce the amount of porosity in the cermet.
Also, increasing the pressure (while lowering
the hot-pressing temperature to slow down the
depletion of aluminum) reduced but did not
eliminate porosity completely.

Densification by hot pressing is inhibited
by mechanisms other than just the competition
between phase formation and the capillary
flow of molten aluminum. Figure 4 shows re-
glons where local densification is oblained by
satisfying the capillarity-thermodynamic crite-
rion of low contact angles, while grossly porous
regions are sporadiczlly located adjacent to
these dense regions.

Axial forces applied to powders during
vacuum-hot pressing in a graphite die result in
radial forces on the compact. The magnitude of
these radial forces is largely dependent on the
plasticity of the powders, and always results in
siress-concentration gradients within the com-
pact.”? When B,C grains are forced lo bridge or
lock tightly in regions of high-stress concentra-

tions, liquid rearrangement by capillary action
will be hindered. This will allow for local den-
sification where rearrangement is possible
{low-stress concentration areas within the com-
pact) resuiting in aluminum-depieted regions
where bridging is the strongest.

Since we desired to achieve densification
without depieting aluminum and also avoid the
previously described mechanisms inhtbiting
uniform rearrangement, we hot-isostatic
pressed presintered compacts. (The
presintered compacls were sealed under vac-
uum in stainless steel cans.)

Table 2 shows the results of the hot-iso-
static pressed compacts. Even with HIP, how-
ever, the results indicate that a minimum
amount of aluminum is required to reduce po-
rosity to neglible levels (<1.0 vol%]). Hot-iso-
static pressed presintered compacts had con-
nected porosities =<3.5 vol% while
nonpresintered (nonwetted) compacts had
porosites in excess of 10 vol%. As aluminum
content was increased above 30 vol%, con-
nected porosities dropped to below 1 vol%. A
hot-isostatic pressed microstructure is shown
in Fig. 5. The microstructure confirms that the
uniform application of pressure resulted in (1)
accelerating the densification kinetics faster
than the chemical reaction kinetics and (2) the
elimination of stress-induced microstructural
inhomogeneities.

Our study has shown that certain process-
ing tradeoffs must be considered to produce
B,C-Al composites. Table 3 summarizes these
tradeoffs.

Conclusior,
Based on fundamental capillarity thermo-

dynamics, reaction thermodynamics, and den-
sification kinetics, definite processing criteria
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- Figure 4. Boron carbide-aluminum (30 vol%)
cermet hot pressed at 1180°C in vacuum {5 x
10°¢ Pa) for 6 min at 15 MPa (~2.000 psi)
showing a region of local densification sur-

rounded by porous regions.

Figure 5. Boron carbide-alumitum (30 vol%
cermet initially sintered at 1180°C for 2 min in
vacuum (10 "° Pa), then subsequently hot-iso-
statically pressed at 1000°C for 30 min at
207 MPa (~30,000 psi) argon. Note improve-
ment in uniformity compared to Fig. 4.

Table 2. Hot-isostatic pressed B,C-Al densification results. All samples were run at the maximum
temperature with a 30-min hold at 207 MPa argon. Heating and cooling rates of 50°C/min were used
at 207 MPa. Porosity was determined by immersion density measurements after 5 min.

Aluminum content

B,C av. grain size

Maximum temp

Sample presintered

Residuail connected porosity

(voi®s) (pm) (o] 1180°C/2 min/~10"" Pa (vols)
15 55 1000 Yes 3.30
30 55 1000 Yes 0.11
45 55 1000 Yes 0.04
3o 4 750 Neo =10

Table 3. Processing tradeoffs for B,C-Al cermets.

Parameters that

Effect of tradeoif
on reactive-liquid

Processing tradeoff control tradeoff sintering mechanism Optimum processing

;;aﬂiu vs evaporation High temp vs low temp Depletion of liquid Use high temperatures
aluminum by for short times
evaporation

Chemical reaction vs

densification

Axial pressure vs
isostalic pressure

Short time vs long time

Hot pressing vs HIP

Chemical reaction kinetics
faster than « ‘nsification
Kinetics results in

intiibiting rears t and
depletion of aluminum due to
new phase formation

Stress gradients
inhibit rearrangement

Speed up densification rate
by applying pressure and/or
slow down chemical reaction
rate by increasing B,C

grain size

HIP presintered compacts

e i
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have been established for obta.ning B,C-Al
composites. In these materials, chemical reac-
tions occur between 800° and 1400°C. These in-
terfacial reactions are the driving force for the
wetling of boron carbide by molten aluminum.
Because the chemical reactions cannot be elim-
inated, it is necessary to process B,C-Al by rap-
idly heating to near 1200°C (to ensure wetting)
and then subsequently heat treating below
1200°C (for microstructural development).

Densification is inhibited because chemical re-
actions occur faster than capillarity-induced
liquid rearrangement. Therefore, it is neces-
sary to apply pressure to accelerate densifica-
tion faster than the kinetics of phase formation.
which is the major hindranc= to rearrangement
during pressureless sintering. To eusure micro-
structural homogeneity, it is also necesszry to
apply this pressure in a uniform manner by
hot-isostatic pressing presintered compacts.
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IDENTIFICATION OF A NEW PHASE IN THE AL-C-B TERNARY BY HIGH RESOLUTION
TRANSMISSION ELECTRON MICROSCOPY

M. Sarikaya, T. Laoui, D. L. Milius, and I. A. Aksay

Department of Materials Science and Engineering, University of Washington,
Seattle, WA 98195

The purpose of this note is to report the identification of a ternary (X1)
phase which has been observed as a reaction product during the processing

.of B C-Al composites.! These ceramic-metal composites (cermets) have the

unique potential for structural applications because of their low density
(> 2.6 g/cc) and a desirable combination of mechanical properties.?
Guidelines for the processing of B,C-Al have been successfully established;
and now it is possible to produce tailored microstructures with varying
amounts of constituent phases.ls? .

The samplies for the analysis were prepared by the following procedure.
First, it was necessary to heat the B,C powder compacts in excess of 2000°C
to attain an interconnected B,C skeletal structure. Liquid aluminum was
then infiltrated into this B,C network at 1170°C. This procedure resulted
in microstructures with a homogeneous distribution of B,C and Al phases as
depicted by the BF/DF pair in Figure 1. Second, a post-heat treatment in
the temperature range of 800-1000°C for up to 100 hrs resulted in the
formation of the reaction products that included the new ternary phase as
well as the other binary (such as A1B, and Al,C3) and ternary (A1By,C,)
phases which effectively alter the properties of the cermet.l»>2 The
morphological, crystallographical, and compositional identification of
this new phase was performed by high resclution TEM imaging, diffraction,
and spectroscopy techniques.

Figure 2 presents a BF/DF pair recorded from an area similar to that of
Figure 1, in which the new phase has replaced the Al and B,C regions.
Interfaces between the new ternary phase and B,C are coherent and fairly
clean as depicted in the HREM image in Figure 3. The crystal structure
was identified to be hexagonal by both electron and X-ray diffration by
using B,C and Al as internal standards. The lattice parameters a, ana ¢,
were determined to be 3.520 A and 5.820 &, respectively (cy/ap = 1.65).
The compositional analysis was performed by using EELS. Quantitation was
achieved both by calculations? and by using standards, namely B,C, AlB,,
and Al1,C3, to calculate kg ¢, kay,B» and kay . respectively. Figure 4
presents both the raw spectra and’the thicknéss-deconvoluted and
background-subtracted spectra. The analysis of EELS data yielded an
approximate composition given by Al,BC.

A combination of TEM techniques was used to determine the crystal structure
and composition of a new ternary Xl-phase in the A1-B-C ternary system.
Studies are presently underway to determine the unit cell structure and

the space group of the Xl-phase by EELS and CBED techniques.

1. D. C. Halverson, A. J. Pyzik, and 1. A. Aksay, Ceram. Eng. Sci.
Proc., 6 [7-8] 763 (1985).

2. A. J. Pyzik, [. A. Aksay, and M. Sarikaya, to appear in Ceramic
Microstructures, '86: Role of Interfaces. J. A. Pask and A. G. Evans
(eds.), Plenum, New York, 1988.

3. R. Egerton, EELS in the Electron Microscope, Plenum, New York, 1986.

4. This research was supported by the Air Force Office of Scientific
Research (AFOSR) and DARPA and was monitored by AFOSR under Grant
No. AFOSR-£3-0375.




FIG. 1.--8F/DF pair
revealing homogeneous
distribution of B.C
particles in Al matrix.
DF image was recorded by
using an Al reflection.
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. FIG. 2.--BF/DF pair presenting a microstructure FIG. 3.--HREM image of a
where the Xl-phase has replaced Al. DF image B,C-X1-phase interface;
" was taken by using a Xl-phase reflection. A: Xl-phase, and B: B,C.
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FIG. 4.--An EELS spectrum acquired from an Xl-phase region revealing
Al-L, 3, B-K, and C-K edges. Deconvoluted and background subtracted
spectrum is also shown. (Conditions: foil thickness = 0.73 m.f.p.;
d = 100 nm; spectrometer entrance aperture = 2.0 mm; collection
angle = 100 mrad; acquisition mode: TEM image; serial recording;

Eo = 100 kV)
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IDENTIFICATION OF A NEW PHASE IN THE AL-C-B TERNARY BY HIGH RESOLUTION
TRANSMISSION ELECTRON MICROSCOPY

M. Sarikaya, T. Laoui, D. L. Milius, and I. A. Aksay

Department of Materials Science and Engineering, University of Washing:on,
Seattle, WA 98195

The purpose of this note is to report the identification of a ternary (X1)
phase which has been observed as a reaction product during the processing

.of B C-Al composites.! These ceramic-metal composites (cermets) have the

unique potential for structural applications because of their low density
(> 2.6 g/cc) and a desirabie combination of mecnanical properties.?
Guidelines for the processing of B,C-A1 have been successfully established;
and now it is possible to produce tailored microstructures with varying
amounts of constituent phases.i»?

The samples for the analysis were prepared by the following procedure.
First, it was necessary to heat the B,C powder compacts in excess of 2000°C
to attain an interconnected B,C skeletal structure. Liquid aluminum was
then infiltrated into this B8.,C network at 1170°C. This procadure resuitea
in microstructures with a homogeneous distribution of B,C ana Al phases as
depicted by the BF/DF pair in Figure 1. Secona, a post-neat treatment in
the temperature range of 800-1000°C for up to 100 nrs resuitaa in the
formation of the reaction products that included tne new ternary pnasa as
well as the other binary (sucn as A1B, and Al1,C,) and terrary (A13..C.)
phases which effectively alter the properties of the cermet.:»< The
morphological, crystallographical, and compositional identification of
this new phase was performed by high resolution TEM imaging, diffracticn,
and spectroscopy tecnniques.

Figure 2 presents a BF/DF pair recorded from an area similar to that of
Figure 1, in which the new phase has replacad the Al and B.C regions.
Interfaces between the new ternary phase and B,C are conerent ang fairly
clean as depicted in the HREM image in Figure 3. The crystal structure
was identified to be hexagonal by both electron and X-ray diffration oy
using B,C and Al as internal standards. The lattice parameters 3, anc cy
were determined to be 3.520 A ana 5.820 A, respectively (c,/aq = 1.65).
The compositional analysis was pertormed by using EELS. Quantitation was
achieved both by calculations3 and by using standardgs, namely 8,C, AlB.,
and A1,C3, to calculate kg ¢, ka1, 8> and kpy . respectively. Figure d
presents both the raw spectra and the thicknéss-deconvoluted and
background-subtracted spectra. The analysis of EELS data yielded an
approximate composition given by Al,BC.

A combination of TEM techniques was used to determine the crystal structure
and composition of a new ternary Xl-phase in the Al1-B-C ternary system.
Studies are presently underway to detarmine the unit cell structure and

the space group of the Xl-phase by EELS and CBED technigues.

1. 0. C. Halverson, A. J. Pyzik, and I. A. Aksay, Ceram. Eng. Sci.
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4. This research was supported by the Air Force Office of Scientific
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MICRODESIGNING OF CERAMIC-METAL COMPOSITES

A. J. Pyzik, I. A. Akcay, and M. Sarikaya

Department of Materials Science and Engineerirng
College of Engineering
University of Washington, Seattle, #A 98195

ABSTRACT

Microdeaigning of ceramic-meval composites i3 described in chem-
teally compatible and incompatible systems. The problems associated uith
microstructural design are addressed wich respect to capillarisy and
reaction thermodynamics. The B4C-Al system is used to illustrate the
formation of tailored microstructures which ezhtbicted average fracture
strength of §21 MPa and fracture toughness of 9.7 YPg-m</2 ar 36 v/o Al
content.

INTRODUCTION

Ceramic-metal composites, when properly processed. cczbine the use-~
ful properties of ceramic and metal materials into one system. Perhaps
the oldest example of a ceramic-metal composite is found in the Fe-C
gysteum, where pearlite combines bcc-iron and FejC into a eutectoid micro-
strucrure. Formation of this composite structure takes place through
solid stare reactions below 723°C,

In contrast, the synthetically processed group of refractory
carbide-metal composites have traditionally been processed by liquid
phase sintering. Liquid phase Sipcering is an effective lover cost

* fabrication proces-:1‘“ hovever, its applicability to ceramic-metal

composites has only been illustracted in thermodynamically compatible
systens. The WC-Co snd TiC~Ni systems are the best studied examples of
these thermodynamically compatible systems. Most ceramic-petal composite
systems of interest, however, are thermodynamically incompatible at ele-~
vated temperatures. Therefore, when the liquid phase sintering approach
is attempted, chemical reactions may result in the depletion of either
the metal or the ceramic phase prior to full densification.
Consequently, a number of difficulries have been encountered in the
development of many ceramic-metal composite systemss.5~7  Low tempera=
ture, solid-state densification methods provide a rplution to the phase
depletion problems encountered at elevated temperatures., However, the
maia disadvantage of low temperature processing nethods is that, in the
absence of chemical reactions, wetting of the ceramic by the metal phase
is not always achieved. In such cases, even with high pressure forming
techniques porosity is not completely eliminaced.
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Fig. 1. The relationship between key processing factors
that play a key role on microstructure deveiopzent
and mechanical properties.

In this paper, we illustrate a methodolcogy to circuzvent the proo=
lems encountered in the microdesigning of therzodynamically inccapat:idle
ceramic-metal composites in terms of the wetting charact’ "is3tics or the
ceramic phase by the metal, the rate of chemical reacti '3 at the ioter—
faces, the resultant microstructures, and mectanical pruperties (Fig. l}.
The wetting requirement is satisfied by taking aavantage of the chezmical
reactions between the metal and the ceramic phases. Since the retention
of the metal phase in the final prcduct is an essential requirezent, we
minizize the detrizental effect of the chemical reactions by using an
infiltration technique to achieve f{ully dense ccaposites prior to tke
depletion of the metal phase. Optizization of processing parazeters and
composite properties is illustrated with the case studies on 34C-zetal
composites.

CAPILLARITY AND REACTION THERMCDYNAMICS

In order to achieve intizately mixed zultiphase combications, the
first requiresment is to control the wetting characteristics of the solid
phases by the liquid metal. At high temperatures, solid, liquid, and
vapor phases are often under chemical nonequilibrium conditions. Under
these conditions, chemical reactions at the interfaces result in a change
in the interfacial free energies and thus the contact angle. In most
cases, nonvetting systems can be transformed to wetting ones by taking
advantage of these chemical reactions.8 However, mass transport iacross
the interface that initially results in vetting may now result in the
formation of new phases in excessive amounts. Tte forzation of reacticn
products may then lead to the depletion of the liquid phase. Therefore,
in most ceramic-metal systems, the control of chemical reactions is the
first key processing factor that amust be considered.

A typical example of a thermodynamically inconbatible ceramic-metal
system is the B4,C-Al composite which offers advantages in low density
(< 2.7 g/ce) applications. In this sysctem, wetting is not readily
achieved below about 1100°C. However at temperatures above 1200°C, a
contact angle of 20° is achieved wvithia three minutes (Fig. 2). Ia this
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case, the condition leading to werting :s assoc:arec wiil tne raz:il
forzation of new phases.’ As a resul:, ligu:l gnase zinter :
composites under wetting conditions leacs 0 a ran:id decl:ne i tna zeta.s
content and to its eventual deplet:ion ;rior o full Zdens:ifigazisn.  The
forzation of seven binary and termary ;'ases nas ceen estidiisnel tetween
6809C (the melting temperature or Al) anz 153C2C. 7 The zaszr zzases
formed are Al3; and Al2C belcw 1CCC¥C, Al3y225 ama AL D tetween L15CP
and 1200°C, and Al3-,Cq ara ALLCy sbeve 1220°7.

1

Most of the reaction products that Isrs in

toe B,C-~1 systes distlav
high elastic moduli and harcnesses, and lcw cemsit:zes. Thus, the forza-
tion of these reaction products can De benefic:al in tze ta:lorinz of
multiphase systems of a desized zetal contest when fully demsified 34,C-A1
composites are subjected 0 4 7OSCT-7ear treatzent prccess. Ia orcer o

achieve this goal, however, the react:on rates 3ust be controlled
precisely. As will be shown in the following sections, a pre—heat treat-

- ment of the commercial boron carbide povders (ESK 1500) above 1800°C ia

roducxn? conditions can be utilized to significantly reduce the reaction
rates.! Change in the chemistry of B,C creates the basis for the
controlled densification of B,C-Al composites.l

In contrast to the B,C-Al systea, an example of a therzodynasi-
cally compatible systea is the 3,C-Cu coaposite. Althcugh this systea
offers the advantage of chemical compatibility, its zain disadvantage is
that the wvetting angle of Cu on 34C is higher than 909 at temperatures up
to 1500°C. Cu may be forced between the B,C zrains by high pressure,
e.g., hot isostaric pressing, techniques to achieve high densx:.es.“
hovever, the resultant composites exhibit very low fracture strengch due
to veak interfaces created betveen the metal and ceramic phases. We have
illustrated that when Cu is_llloyed with elesents that are reactive with
B,C, e.8., Si, Mn, or Al, contact angles smaller than 909 can be
achieved.'J This alloying approach then allows a processor an alternate
approach to control the rate of chemical reaction(s) and, therefore. the
kinetics of wetting at a given temperature (Fig. 3).




100r -
Q ' B4C/Cu:Si

5

]
= o (84:16) N
e a (80:20) ]
P e (70:30) K
S a (60:40) |
S ¢ (50:50) I
= 40';\2\‘1 T=1300°C 1
S '?Q.: = S 3
N S S S
o) 30 60 ‘. 760 7 1450

time (min)

Fig. 3. Contac: angle of moiten Cu~Si allcys on 3,C as a
funczzon of compesition and tize.

DENSITICATICN T

2CUGH PHASE REARRALCIMENT

Our cbservations bave skown that Zuring the iigu:d phase saixn
of ceramic-netal composites phase rearrangerzen:t decozes the zajor
often the only z=ecnhanisa that aff2¢c%5 the dens:ification behav:ior
compact. Tirst, enc-point densities lower than the theoretizal &
23y resul: due to> the creation of large voids that form wnen tn
metal rearranges through tke porous ccaposite. Seccnd, the zagnizuce cof
shrinxage depends on the rearrangezent o tne soiid particles uzcer “he

capillary act:icn of the liguid rhase. The extent of ;tase rearrangecest
depencs on the cegree of packing density and cheamical Inihcogeneit:ics

iC2i 2

that exist in a powder compact aiter the initiil coaso

idation. lue to
phase rearrangement, these inhomogeneties are aspiified durizg sinterizg.
As illustratea below, the way ttese rearrange=ent proccesses take place
depends on the chemical compatidbilicty of the svstez, wetting characteris—
tics of the liquid, and the kimetics of liquid phase zot:ica.

The foraation of large voids due to the rearrangement of the liquid
phase is of particular concern especially in chemically incompatidle
systems. As illustrated in Fig. 4, sintered, hot pressed, or hot isosta-
tically pressed B,C-Al composites all possess characteristic large voids
surrounded by rigid ceramic shells. The steps that lead to the formation
of these voids are as follows: (i) the liquid phase moves into the
ceramic agglomerates due to capillary suction and thus *he voluzme origi-
nally occupied by the zetal powder remains as void: and (ii) demse B,C-Al
agglomerate regions support the for=action of binary and ternary ccapounds
as solid bridges between the B,C grains and thus the densification pro-—
cess stops due to the formation of a solid skeleton.ll Therefore, in
order to obtain dense microstructures, either the kinetics of solid
rearrangement needs to be accelerated and/or the kinctics of chemical
reactions has to be slowed down. For instance, hot isostatic pressing
can be used to enhance densification prior to the forkation of a solid
skeleton structure. However, even in the case of hot isostatic pressing,
the presence of closed porosity is observed due to the formation of reac-
tion ytoduc:sﬂo
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Fig. 4. B4C-Al cozposites showing .arge voids surrcunded by
ceramic shells.
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Previous studies on the role ¢f thase rearrangezent durin
phase sintering suggested that agglczerazes that act as tae su
gedia for the liquid pkase can bg qi; ctegrared during sinterin
systems with low wetting angles.'3--* Qur studies also conii t
validity of this disintegration zechanisa buz only in systeas wnere
reaction preducts do not result iz the Zorzavion of a continuous ¢
between the particles. In the cerazic-zetal systems reported

here, we illustrate that the 4Xey Z3ctor o De considered in this
disintegration is not tke f£inal equilibriux contact angle but the
kinetics of wetting process itself (Fig. 3). In chezically reactive
systems where a low contact angle is achieved rapidly (Fig. 3), the
suction rate of the lijquid phase into the agglocerates is high. Ia these
cases, we observe that the agglomerate regicns are infiltrated rapidly
and become fully dense before any disintegrarion takes place (Fig. S(a)).
In the absence of disintegration, the demsification process stops at a
lov end-point density.

1 O W
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e

On the other hand, the microstructural developzent in a composite
with an initially high contact angle is different (Fiz. 5(b)). More
uniforz microstructures and higher enc-ooint densities are obtained due
to the disiategration of agglozerates.* The exact cechanisa of this
disintegration is not fully understcod. However, its occurrence is very
beneficial with respect to the miriaization of density of inhomogenei-
ties.

The problems sssociated with phase rearrangemevt during liquid phase
sintering can be used to our advantage if the fabrication process is
modified to infiltrate a monolithic porous ceramic with liquid metal in a
manner similar to the densification of agplomerates discussed above.

This approach allows us to process fully dense and uniform composites as
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Fig. 5. B4C-Cu-Si ccaposite wich higa (3) and low (b)
kinetics of wetting.

long as the hydraulic resistance and the thicknress of the porous sub-
strates are optinized to facilitate a rapid infiltration process. Ia the
present work, porous E,4C ccapacts were prepared by a colloidal consolida-
tion techniqueﬁ In order to m=odiiy the surace characteristics of the
B4C powder and also to obtain a high density B4C skeleton, the cczraces
were first heat treated in a vacuun graphite furnace at a temperature
range of 18009 to 2200°C., Trese porous 3,C compacts were then
infiltrated with Zolten Al at 12009C for 15 to 60 zicutes. As a resule,
two major types of B,C-Al composites were forzed. In the first type, tke
metal is completely depleted to fora a theoretically dense aulti-cerazic
microstructure. In the secced type, a predetermined amcumt of Al is
retaiced ia the final prcduccz. As illustrated in the secticns belcw, ia
these two cases, aicrostructures, interfaces, and Sechanical properties
all differ considerably.

MICROSTRUCTURES AND INTERFACT CHARACTZRISTICS

In liquid phase sintering, the development of microstructure depends
mainly on the sintering temperature and time. On the other hand, in the
infiltration technique outlined above, microstructures can be altered in
the following processing stages: (i) dispersion and consolidation, (ii)
sintering, (iii) infiltrarion, and (iv) post-heat treatment. The prizary
advantage of the infiltracion approach is that the distridbution of both
the solid and liquid phasns can be controlled separately. Furthercore,
agglogerated ceramic powders can also be used to fora uniform composite
microstructures by the intiltration technigue,

Colloidal dispersioa and cousolidation of the 34C powder provides
the most effective approach to control the 3,C/zetal rario of the final
product. In the preparaticn of high (> 70 v/o) B,C content specinmens,
ve use highly dispersed aquecus suspensions prepared in the pH range of
9-10.5. Conversely, for low B4C contents, we work with flccculated
aqueous suspensions prepared at pH 4. This adjustzent ia pH results in




Fig. 6. B,C-Al composire prepared by infiltraticn apprcach
(A} Without B,C heat treaczenr, (3) After 3,C heat
treatzent.

variations in the pore size and total volume of the 3,C substrates.il
Subsequert sintering treatzent ian the rexmperature range of 13C0Y to
2200°C results in the forzation of porsus 3,C "sponges". The azount of
total porosity, grain and channel c¢omnectivity, and the chemical compo—
sition of the substrate cam be modified depending on the sinter:zg
conditiens.l The composites formed after the infiltration display a
bicontinuous microstructure of 24C and Al phases (Fig. 6). When the
infiltration tize is limited to < 30 =in, zost of the B4C/Al interiaces
are atomically clean (Fiz. 7a). Hewever, binary and zernary cezpounds
can be forzed during the post—heat treatzeat step (Fiz. 7b).

MECHANICAL PRCPERTIZS

Fracture strength {(4-point bonding) and Zrzezute teughness (SINB)
values for the 34C-Al cooposites prepared by the infiltration approach
are presented in Fig. 8. The data points on the solid lines are given
with respect to the initial amount of Al used to form the composites.
The best results were obtained at 36 v/o Al content, i.e., an average
fracture strength of 621 MPa and a fracture toughness of 9.7 MPa ml/Z,
However, the properties are controlled not necessarily by the total
amount of the retained metal phase, but by the reactzicn products that
fora at the B4C-Al interfaces. Tor instance, two specizens with diffe-
rent netal contents initially, e.g., S0 and 36 v/o, can be brought to the
same retained metal content of 32 v/o after the post-heat treatzent

(Fig. 8). At this identical metral content, hewever, their properties differ

considerably due to the difference in the azounts of chemical reaction

products present in the microstructuTes. Strength measurezents of porous

B4C (17 to 40 v/o porosity) indicate that the ceramic skeleton itself is
not responsiti2 for the deviation frea the rule of mixture. The maxima

on the fract.re strength and Kyc data appear to be related to the conti-
nuity factor which is defined as the average nuzber of conneczed graiss.
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Fig. 8. Fracture toughness and fracture strength values for
B,C~Al composites as a function of initial Al content.

The interpretation of th
ties and microstructure beccmes even nore ccaplicated when, instead of
the pure metal, its alloys are used. Hear treatzent conditicas and
interactions of alloying elements with the ceramic phase(s) are zore
influential on tke properties than the ceramic-to-metal ratio. The
effect of alloying is illustrated in Fig. 9, where Knoop microhardness
values for B4C-Al, B4C-2024-Al alloy, and B4C-7075-Al alloy composites
are plotted with respect to the initial metal content. The lack of

variation in the microhardness for composites with high metal content is due

to the tendency of alloying elements for segregation and precipitate
forzation at the B,C grain boundaries,

bulk hardness remains sizilar to that of pure Al., Diiferences im

e relationships between zechanical proper—

As a resultz, at high Al contents,

N
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Fig. 9. KRnoop micrchardness of 34C-41, 3,C-2C24
7075 Al alloys, as a function
content.

bhardness for ccaposites with lcw zetal content =ay be excla
basis of: (i) the formaticz of hard thases due to cheaical
between the alloying elezents (e.z., Cz, Mn) and (1
and Mn actiwvity as grain refirers iz Al., Heweve i
hypothesis, 3 detailed analysis of tte aicroatru

has to be perforzed at high spatial resolutisn

S ¢

CONCLUSICNS

In the microdesigning of ceramic-metal composites in the presence of
liquid metal, the following main points have to be considered:

(1) Phase rearrangement is the major densification mechanisa. The
magnitude of densification is related to the wetting kinetics and to the
occurrence of chemical reactions. Liquid z=etal =oticn, if controlled,
can be beneficial with respect to the uniforzity of the f.nmal prcduct.

(2) The selection of a processing technique is directly related to
the microstructure desired. The utilization of the infilzration approach
provides an advantage in tailoring microstIuctures with precise ceraaic-
to-zeral ratio, grain size, phase continuily, and the sparial distridbu-
tion of tke phases. .

(3) In chemically reactive systeas, post-heat treatzent can be used
as an additional step to modify the microstructures through the forzation
of reaction products and thus lower the amount of the metal phase to any
desired level.
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STRUCTURES OF COLLOIDAL SOLIDS
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INTRODUCTION

Colloidal systems containing spherical particles have been shown to display
disorder -order transitions.'*? Since these transitions resemble the liquid to
crystal transitions of atomic systems, many attempts have been made to outline
the stability regions of the colloidal liquid and crystalline structures in phase
diagram forms.® The structural characterization of these phases has also been the
subject of numerous studies.? In the crystalline form, these structures are often
easily recognized by their bright iridescent colors. In the most commonly
accepted theoretical treatments, the cxistence of highly repulsive interparticle
inteructions are considered to be the essential requirement for the formation of
colloidal crystals.®

In contrast to this prevailing view, in this chapter we point out our obser-
vation on the formation of coltoidal crystals through spontancous gas to con-
densed phase transitions which can only be realized when net attractive
interactions exist. Including our new interpretations, we now present an all-
inclusive treatment of phase stability in colloidal systems combining gas,
liquid, and crystal phases and transitions among them. Further, we provide
experimental data on the unifying hicrarchical fcatures of the colloidal solids
and their interpretations.

BASIC PHASE DIAGRAM OF THREE AGGREGATES

In discussing the phase diagram of colloidal systems the main requirement is
that the interparticlc potential must be known as a function of the system
parameters. In our cxpernncntal studies we specifically workca with systems
where the particles interacted electrostatically. Thercfore, the discussion in this
paper will be limited to such interaction.

In electrostatic systems, the repulsion energy between two colloidal particles
can be expressed by the DLVO theory.* The combination of this repulsive
potential with the energy of attraction due to the van der Waals forces results
in a pairwise potential that, in general, has a maximum (either in the repulsive
or attractive range) scparating two minima (both in the attractive range).*
A complete particle- particle contact is prevented at 1 cutoll point due 10 the
presence of a semiincompressible fluid cnvelope surrounding the particles.**
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Therefore, for the phase transitions with which we are concerned. the particles
do not come to the primary minimum which is at a much smaller interparticle
separation distance than permitied by the fluid envelope. In this work, the
key property of the potential energy curves is that the binding energy ¢ at the
cutofT point is approximately proportional to { ~ ? where { is the zeta potential.¢
When we use the lattice model in calculating the phase diagram of the system,
as will be explained below, we can use the ¢ as the representative interaction
potential, and then make an approximation that ¢ is proportional to {~%:

o {72 ()

It is not the purpose of this chapter to emphasize the functional dependence
{~? but to make use of the general qualitative dependence of & on the inverse
power of {.

In understanding experimental observations of phase transitions in colloidal
systems, we distinguish the essential features and additional features. The
essential features can be provided by equilibrium phase diagrams of atomic
systems. Since we are interested in qualitative properties of the system, 2-D
phase diagrams, rather than three, are sufficient for understanding the basic
phase diagram properties. Further, in order to make the theoretical treatment
of phase diagrams easier for a variety of cases, we work with lattice-gas model
rather than with the more rigorous continuum space computation which is
time consuming. An example of the 2-D lattice gas model calcuiations is that of
Kikuchi and Cahn.® which treated the grain boundary melting phenomenon,
and is accepted as predicting essential features of the processes occurring in
3-D grain boundaries. In this chapter we also basc our discussions on results
due to the lattice gas model which was used in Ref.®

The method of formulation leading to the theoretical phase diagram of
Fig. 54.1a is sketched here. The calculiution was done using the cluster variation
method (CVM). The system contains one kind of particles and vacancies and
is described using the square lattice as the underlying structure Fig. 54.1b.
The interparticte potentials are chosen in the sume way as by Orban et al.”
When a particle exists at A, the ncarest-, second-, and third-neighbor lattice
points are excluded, and a second particle can approach A up to point B.
In the treatment, we used two interaction potentials ¢4 and £ (. Particle pairs
farther away are not considered as contributing to the potential cnergy. The
equilibrium state is derived by writing the Helmholtz frec-energy F and
calculating the minimum of F as outlined in Ref. 6. In the phase diagram of
Fig. 54.1a, the temperature scale is normalized by ¢ = [¢4¢l. Similarly, the density
scale is normalized by the density of a fully occupied lattice structure. We use
the phase diagram in Fig. 54.1 in qualitatively interpreting experimental obser-
vations. As many previous examples show, theoretical diagrams of 2-D systems
can safely be used in interpreting experiments of three dimensions. Naturally
we avoid accurate numerical comparison of 3-D experiments and 2-D theory.
We can also use the phase diagrams which are calculated for equilibrium systems
in interpreting nonequilibrium phenomena. In this case again, the equilibrium
calculations are to be used as a qualitative guideline; when numerical
comparison is to be attempted, special care is nceded.
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In atomic systems, the reduced temperature scale kT/e of the phase diagram
is only proportional to the thermodynamic temperature T since the pair
potential in a given system is usually treated as fixed. However, when we work
with colloidal systems, the interaction potential can be easily varied. Thus,
in the case of electrostatically interacting particle systems, using the approximate
property expressed in (1), we can work with a reduced temperature:

where {, is a normalization constant. The relation (2) is ¢rucial in interpreting
the phase diagram of colloidal systems as unalogous to the three aggregate
phases of atomic systems. At the high Ty end of the system, our treatment
approaches that of repulsive interaction systems, while for the low Ty region
the attractive interaction is appropriately taken into account. The essential
point of our proposed interpretation (2) is that even when the thermodynamic
temperature T is kept fixed, the reduced temperature Ty can be varied by
changing the {-potential. and thus the “temperature” versus composition phase
diagram can be used even for a constant T.

HIERARCHICAL STRUCTURE OF CLUSTERS

We can now use the phase diagram in Fig. 54.1 in interpreting cxperimentat
observations. In a dilute suspension. for example at the point G in Fig. 54.1q,
colloidal systems display gasiike behavior. As the number density p of the
colloidal particles is increased (along path 1), this gaslike state changes con-
tinuously to u liquidlike state at L. Finally, for p larger than a certain density
L., the liquidlike state transforms to a solidlike state S through a first order
transition.! =% In the phase diagram of Fig. 54.1a, the region where such
transitions arc observed is above the critical point, CR.

On the other hand, when this sume suspension displaying gaslike behavior
is shifted (along path 2) from its dispersed state G, to a new state G* of u lower
kT/c or {-potential value, we observe a distinet first order transition of gas to
condensed phase. Qur work with nearly monosize (0.7 um) SiO, particle
systems showed that, when a colloidul system is within the miscibility gap,
some of the particier in ili. suspension start forming pesminc:t multiparticle
clusters, that is, cofloidal solids.® In the gravitational field. due 10 their higher
effective mass, these clusters are separated from the remaining portion of the
primary particles as a result of differential settling. The primary particles,
which stay dispersed until they eventually sediment due to gravitational force,
result in the formation of a cloudy supernate, that is, colloidal gas.

This phenomenon of cloudy supernate formation has long been obscrved
by various researchers in flocculating. that is, condensing, systems.” '? Experi-
ments by Siano'® suggested the possibility of spinodal-decomposition like
fluid-fluid phase segregation in colloidal systems. This interpretation is in
agreement with the phase diagram presented here. Similarly, the work of
Vincent and coworkers® illustrated the coexistence of singlet particles as the
gas phase with clusters of particles in weakly interacting particle systems in
accordance with our interpretation. In recent theoretical treatments, the co-




existence of colloidal gas and liquid phases below a critical point has also been
predicted.!' Thus, in view of our experiments and supportive evidence in the
literature, we propose that the stability regions of colloidal phases are outlined
in the generalized phase diagram of Fig, 54.1a.

Our theoretical treatment of the phase diagram (Fig. 54.1) has been done for
an idealizing condition that the colloidal solid can be assumed to form a single
crystal and its structure approaches a perfect state (i.e., no vacancies) as kTt
approaches zero. However, experiments are usually far from ideal and the
formation of polycrystalline structures is the rule rather than the exception.' '3
Microstructural variations in these polycrystalline colloidal solids formed at
three different {-potential levels of the phase diagram are illustrated in the
scanning electron micrographs of Fig. 54.2. Particle clusters are formed during
colloidal solidification. Note the special arrangement of these particle clusters.
The first generation of clusters begin as domains and are formed by close
packing of primary particles. The domain size decreases with increasing inter-
particle binding energy or decreasing Ty. The coilection of a number of these
domains results in the formation of second generation clusters. The structure
of these second generation clusters displays continuous variations in the inter-
domuin void space. At the high k7/e end of the spectrum where the interparticle
binding energy is low, tight domain interlocking results in polydomain
structures which closely resemble polycrystalling atomic structures and are
easily recognized as colloidal crystals due to their iridescent characteristics.'+?

With increasing interparticle binding energies, domain interlocking efticiency
decreases since domains become increasingly rigid and thus behave as hard
sphere packing units themselves. The combined effect of the decreasing domain
size and the increasing interdomain void space is the loss of the iridescent
property of the colloidal solids. At the low T, end, an additional contribution
to the low packing etficiency may be the formation of third generation clusters
and the associated void space with the grouping of second generation clusters,
Fig. 54.3. The most important concept illustrated by our observations is that a
hicrarchy of microstructures can be obtained by varying the degree of interaction
between particles as described by T.

This experimental evidence on the structure of colloidal solids suggests
the modification needed in interpreting the theoretical phase diagram of Fig.
54.1a when compared with experiments. Remember that the deasity of the
solid phase in the theory is only with respect to the intradomain regions. In
Fig. 54.3a, we provide experimental data on the density of colloidal solids,
obtained by sedimentation volume measurements, as a function of kT/e. As
the interparticle binding energy is increased (going to smaller kT/c values),
a significant decrease in the density of colloidal solids is observed below the
critical point. The prime cause of this density decrease, in the subcritical region,
is the retention of third generation void space in the colloidal solids formed by
gravitational settling. However, when such a system is consolidated further by
centrifugation, all the third generation voids can be eliminated completely
and the density becomes greater than that shown in Fig. 54.34.'2




CONCLUSION

In colloidal systems the interparticle energy ¢ can be controlled through
chemical adjustments to the fluid matrix surrounding the colloidal particles.
An important implication of this property is that even when the thermodynamic
temperature is kept fixed, changing the potential energy by other means than
T has the same effect as changing T of phase diagrams for atomic systems. The
stability regions of colloidal gas, liquid, and solid phases are outlined with a
theroetically calculated kT/e versus density phase diagram. In experiments,
it is noted that the colloidal solids display (continuous) variations in the size and
packing of particle clusters as a function of k7/e. The first, sccond, and third
generations of clusters and voids are clearly distinguished. This observation on
the hierarchical nature of the colloidal solids plays a key role in our generalized
treatment of the colloidal phase transitions.

The types of phase transitions discusscd in this paper are of interest in diverse
ficlds.? For instance, colloids play an important role in the processing of high-
technology ceramics.!® Colloidal fluid-to-solid transitions have been widely
observed in biological systems.? Furthermore, these colloids are ideal models
for simulating atomic systems. Although the theoretical phase diagram
presented here is based on ideulized colloidal phase structures, it serves! 2!:1*
the purpose of outlining colloidal phase stability regions in a generalized form
with suificient accuracy when we accept the new hierarchical interpretation
of clusters and voids observed in the solid structure.
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Phase diagrams of charged colloidal particles
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We have calculated the phase diagrams of charged colloidal particles in the parameter space.
The free energies of different phases, which were used to determine the phase boundaries, were
calculated variationally. The Einstein oscillators and the hard sphere fluid were used as the
reference systems for the solid phases and the liquid, respectively. The interparticle
interactions were approximated to be the Debye-Hiickel screened Coulomb potential with size
correction. We show that the solid phases are stable at low salt concentrations: bec is preferred
only at high charges and at low densities while fcc is dominant at higher densities. The solid
phases melt upon the addition of salt: bce may or may not transform to fcc before meiting,
depending on the particle number densities. No reentrant transition is found upon the addition
of salt. When the particles are extremely highly charged, the system may undergo fcc-bec-fee

transitions at nonzero salt concentration when the particle number density is increased.

1. INTRODUCTION

The study of the colloidal suspensions of electrically
charged particles such as polystyrene or silica spheres has
received much attention.’ These colloidal systems can be
regarded as scaled-up atomic systems with charges, particle
sizes. and length scales 10°-10° times larger than the typical
atomic species. The particles constitute “ions” and, in the
case of aqueous systems, the interaction between them is
classically screened by either H,O* or OH ™. The monodis-
perse suspensions are observed to be disordered (the “lig-
uid” phase) at low densities and crystalline when the density
is high.'~ The average interparticle distance is often in the
order of the visible light wave length; and. hence the crystal-
line phase can Bragg-diffract visible light and thus result in
opalescence. Most often, the cryvstalline structure is found to
be face-centered-cubic (fcc).”™ In some dilute polystyrene
suspensions where particles have high surtace charges (in
the order of 1000 electronic charges), body-centered-cubic
(bce) structure is found.*®

Unlike their atomic counterparts, the interparticle in-
teractions in colloids can be varied in a wide range by adjust-
ing the parameters such as the salt concentration, the part-
cle number densities, and the particle surface charge. It is
therefore possible to talk about the phase diagram in the
parameter space. So far, the calculated phase diagrams have
either been based on an effective hard-sphere model’ which
is unable to produce a bee phase, or based on solid-phase
calculations'® which did not treat the liquid phase adequate-
ly. Shih and Stroud'’ have done a two-phase calculation for
the freezing but they did not look into the stabilities of var-
ious solid phases.

{t is the purpose of this paper to calcuiate a more com-
plete phase diagram by treating all the phases at equal foot-
ing. That is. the phase diagram will be calculated by directly
comparing the Helmholtz free energy of different phases
(bec, fee, hep. and liquid) at the same parameters. In princi-
ple. one should draw a common tangent between the Helm-
hoitz free energies of two different phases in the free energy
vs particle number density in order to determine the phase-
coexistence regions in the phase diagram; but, the theory is
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not accurate enough to allow this procedure. Qur aim s then
to get a correct quaiitative account tor the phase diazrams
through our consistent way of treaune different phases: the
free energies of all phases are caiculated via a vanauonal
principle based on the Gibbs-Bogolyubov inequaiity. Etn-
stein oscillators are used as the reference systems for the
crystailine phases and a hard-sphere fluid as that tor the
liquid. This procedure has been proven to give very good
results for the polyvalent metallic systems.'” We expect it to
work weil for the present case. The interparticie interaction
is approximated to be the Debye-Hiickel-screenea Coulomb
potential with size correction. The Debve-Huckel approxi-
mation is correct when the particle number density 15 iow or
the screening 1s weuk, 1.e.. ga, = 1. where ¢ 15 the inverse
screening length and a, the average interparticle distance.
Since our interest 1s to determine the phase boundaries in the
part of the phase diagram where buc 1s hikely to appear, the
Debye-Hickel-screened potennal should then weil repre-
sent the interparticle interactions 1n those regions where the
particle number density is usuaily low.

We now turn to the body of the paper. Section 1! Sriefly
describes the formaiism. Secuon III gives the resuits and
discussion. Some concluding remarks are given in Sec. V.

1. FORMALISM

We consider an aqueous colloidal suspension of N
spherical particles, each of radius a, in volume (), and at
absolute temperature 7. Each particle has an effective
chargs Z. The aqueous medium has a static diclectnc con-
stant. The .V¥Z H,O ™ or OH ~ ijons in the solution will neu-
tralize the particles if no electrolyte is added to the solution.
When the suspension is not too dense or the temperature is
not too low, the interaction between particles can be ade-
quately treated within the Debye-Hiickel approximation. In
MKSA units, the interaction takes the form

Ze e v (an

dre e r ' -
where €, is the permittivity of frce space, € is the static dielec-
tric constant of the aqueous medium, e is the electronic

Vir) =
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charge. 7 is the distance between particles, and ¢ is the in-
verse screening length which satisifes
. e’

q = NalZ?,

€k, T <
where A, is the Boltzmann constant, Z, and »n, are the
charge and the number density of the ith species of ions,
respectively. In Eq. (2.1), the particles are assumed to be
point-like. If the particles have a finite size, the interaction is
modified as

(2.2)

Vir)=

2,2 a 2,y
Z%e ( & ) e v (2.3)
4meye \ 1 + ga

where a is the radius of the particles. The factor
[e%/(1 + qa) |® takes into account the fact that the particles
are not point-like and part of the volume in the solution is not
available for screening because it is occupied by the particles.
Thessize correction is important as is pointed out by Shih and
Stroud'! in order to avoid reentrant melting at high densities
which is purely an artifact of the point-like interaction as-
sumed in Eq. (2.1).

When the colloidal suspension is at equilibrium, irs ther-
modynamic properties are determined by the Helmholtz free
energy F = E — TS, where £is the internal energy and S the
entropy. For a system of particles interacting via the poten-
tial (2.3), the free energy per particle £ takes the following
form:

r

1( e )l Z% ) 1

- L A
2¥\1 +qa .,,477606\ i = >
+£E.,.,-T5, (2.4)

where £, and § are the kinetic energy and the entropy per
particle. { ) denotes the thermal average over the canonical
ensemble, and r, is the position of particle i. Equauon (2.4)
includes only the terms of the free energy which depend on
the arrangement of particles. These are the terms relevant in
determining which structure (fee. bee, hep. or liquid) is
thermodynam:cally stable.

The free energy can be obtained from Eq. (2.4) by the
use of a variational principle based on the Gibbs-Bogolyu-
bov inequality'* which states as follows:

FSFy + (U— Up)o=F",

hn

(2.5)

where F, is the free energy of the reference system and
(U — Up), is the potential energy difference of the system of
interest and the reference system, evaluated in the reference
system. Since Fis upper bounded by F*, we can then approxi-

mate £ to be the minimum of F* with respect to the appropri- -

ate variables, that is, F=~F"(x,) where

IF (X))
aX x = Xg

=0, (2.6)

where x is the appropriate variational variable.

We will use the Einstein oscillators for the solid as the
reference system, and the Einstein frequency is chosen as the
vanational parameter, while a hard-sphere fluid will be the
reference system for the liquid and the packing fraction wili
be the variational parameter. This procedure has been pre-
viously shown to give very pood resu'ts for polyvalent met-

als'*: and. thus we expect that it should work well in the
present case.

A. Solid

The Einstein oscillators are used as the reference sys-
tem: each particle oscillates independently about a lattice
point in a harmonic potential well with a frequency w. The
Einstein frequency is to be used as the variational parameter.
In the actual calculations for the colloidal systems. fiu/k, T
is in the order of 107'-107%, much smaller than unity.
Therefore. in terms of the Einstein temperature ¢ = fun/k,,
we may write

Enn =%, T, a7
TS =3k, T{1 - In(6/1N)], (2.8)
and
<<l—t‘"'"“'”>=f([r,—r, ). (2.9)
ir—r, '
in which
firny = lc‘"‘:{e "'[I - crt(‘_ wq — ——,—_)]
2r 2w
_e"[l—crl(\5q+-r—_)1]. (2.10)
2ow/ il
where erf is the error function
2T .
crf(x)=éJ. e Vdy, (211
N

and 3w is the mean square displacement which takes the
following form:

L i coth(d 72T)

(2.12)
2Mk,0

in which .}/ is the mass of the particles. Note that the anhar-
monic effect has been taken into accountn Eg. (2.9). Com-
bining Eq. (2.4) and Eqg. (2.9), we get

Zt

1 ¥o B 5 .
:—(—e—) S =L /(R)+E,, -TS.

2\l +qa/ gZodree
(2.13)

where R's are the lattice vectors. In the actual calculations,

r/(2Jw) + Jwq is much larger than unity and Eq. (2.10)
reduces to

fin=ew & ” (.14
B. Liquid

For the refzrence system, we use a fluid of particles in-
teracting via the hard-sphere potential

Ulr)=w, r<o, or

=0, r>o,

where o, the hard-sphere diameter, is not, in general, cqual
to 2a, the diameter of the actual particles. With this choice,
the first termin Eq. (2.4) can be obtained analyticaily within
the Percus-Yevick approximation, while the last term (the
hard-sphere entropy) is available as an analytic fit to the

(2.15)
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results of a Monte Carlo calculation. The liquid free energy
thus takes the following form'*:

2,2 q@  \2
- Z%e _e_) l[6,”:/l G(/{)]
dmeqe\l +qa/ r,
3 kg Tn(4—37)
+=kyT+——n —_ TS5, 2.16
2 %8 e % ( )

where ik, T is the kinetic energy per particle and 7, is the
Wigner—Seitz cell radius which satsifies

Gr, 2

3 N

7= (m/6)0(N/Q) is the hard-sphere packing fraction,
A=279'"gry, and

, (2.17)
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Z =400 -

G(A) =ALA)y/A{129(L(4) + S()et )},

t =tl(1+ I+ ).

S =-mA+6p(1 —mA?

+ 187°4 — 12n(1 + 277), (2.18)
Mi, T\
TS, =k, Tln [ﬁ(——e il ) ]
N 2
(2.19)

where ¢ = natural number. The packing fraction 5 is the vari-
ational parameter for the liquid phase. It turns out that
7=0.45 at freezing, which is consistent with Ref. 11 and also
consistent with other polyvalent metallic systems. "

Il. RESULTS

We have carried out calculations for the solid phases
(fcc as well as bee) and the liquid phase at various values of
the particle number densities D = .V /), charges Z. and the
salt concentrations p with the procedure described in the
previous section. The temperature T for all calculations is
kept fixed at the room temperature since most of the experi-
ment were done at that temperature. The static dielectric
constant of water is taken to be 80. The phase diagrams are
determined by comparing the free energies of different
phases at the same parameter (the stable phase has the low-
est free energy) and the phase boundaries are taken at the
crossover points of the free energies of different phases.

A.Effect of Zand p

In order to directly compare with experiments, we first
plot the results in the D-p plane at different values of Z.
Figure 1 shows the D-p phase diagram of particles with
Z = 400 and different diameters. One can see that the colloi-
dal suspension freezes when the particle number density is
sufficiently high: The fcc phase is formed in most of the high-
density region, whereas the bee phase is stable only in a very
narrow region of lower densities. The density range of the
bee phase shrinks as electrolytes are added to the solution,
and the bce phase completely disappears when the salt con-
centration is greater than about 2.5 X 10~* M as seen in Fig.
1. Beside this, the addition of electrolytes will also make the
crystalline phases become less favorable and eventually melt
into liquid: The fcc phase always directly melts into liquid as

2a= C.109 x10 8m
2a:0234x(C°m
20: 0.400%10 °m

FCcC

[T DU WU G S U w—

\
AN
I

T.S%1

0 2.5 50 o*
Psan (M)

FIG. 1 D-p.,, phase dragram where D s the particic number density ana
Pan 15 the adaed salt concentration in molar units; (a) 10f a paruicte d:ame-
ter 2a = 1.109:« 107" m and charge Z = 4)0; (b) 1n a diferent wcaie tor
Z = 400 and diameters 2u = G109 ¥ 107%. 0234 10 " and V.30 < i0~°
m. The bee-ice phase boundaries are the same tor the three cases w.le the
liquid-solid phase boundaries are pushed to lower denwities as the parucle
s12¢ 15 increased.

the salt concentration is increased, while the bee phase can
cither transform into fcc before melting (at higher densities)
or directly melts into the liquid phase (at lower densities).
Note that there is no reentrant transition when the salt con-
centration is increased, and that the solid-liquid phase boun-
daries shift to higher densities when screening 1s increased by
the addition of electrolytes.

In Fig. 2 we plot the D—p phase diagram for particles of
the sume sizeas Fig. 1 (a) but with asmaller charge Z = 200.
Note that the bee region is now absent and the solid-liquid
phase boundary is pushed to a higher density. (Note the
scale dufference in Figs. 1 and 2.) Other than that, the <olid-
liquid phase boundary behaves roughly the same as that in
Fig. 1, i.e., the solid phase becomes unstable when screening
is increased. Again, this is in agreement with experiments.
The shape of the solid-liquid phase boundary resembles very
much that of the gold colluids in Ref. 15. These resuits sug-
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FIG. 2. D-p,. phase diagram for particles with Z:=200 and
24 = 0.109 X 10 ™" m. Note that the bec phase 1s missing when the particle
charge is decreased. The definitions of D and p,,,, are the same asn Fig. 1.

gest that the formation of a bcc crystalline phase in the col-
loidal suspension is a delicate matter: The bee phase forms
only when the electrolyte concentration is low and the parti-
cle charge is high, which is in agreement with expenimental
observations.®” To better illustrate this trend, we plot in Fig.
3, the density range of the three phases as a function of the
particle charge Z at zero salt concentration. The bcc region
becomes narrower and finally closes up when Z is decreased.
Meanwhile. Fig. 3 also shows that a large charge can retamn
the crystalline phases to a lower density.

Since a high surface charge of particles enables the crys-
talline phases to persist at low densities, with increasing par-
ticle charge. at some point, the solid phases may exist at such
low densities that some finite amount of electrolytes could
provide enough screening to favor fcc phase at low densittes
and therefore. an fcc-bec-fce re-entrant transition at some
nonzero salt concentration is possible as the particle number

1077¢ T —r T _i
100"
’I:_E_ : FCC
o |
IO"E‘
r ~
: tiquid \‘\
} BCC “~. 1
17 L L 1 i -
10 700 200 600

FIG. ). The D-Z phase diagram for particles with diameter
22 = 0.109 % 10~ ° m and at zero salt concentration. bee phase appears anly
when the charge Z 15 high and the particle number density D5 jow.

Shin, Aksay. ana Kikuchi: Charged colioidal particies

axi0'® - l
Z2:=1000 !
20:0109x10°° m
3
o
Ea-
a
BCC
.
0 Hauid
o I 2 3x10'®
Psait {m)

FIG. 4 The D-p.,, phase diagram for parucles with diameter
2a = 0.109% 10" m and £ = 1000. Note that the system starts to undereo
fcc-hee-fec transttions at fixed nonzero salt concentration when the parti-
cle number densuty 1S increased.

density is changed. Indeed, this can happen and isillustrated
in Fig. 4 where parucles of 0. 109 m diam with Z = 1600
undergo an fce-bee-fee transition as the density 1s varied at
fixed salt concentration p 2 1.3x 10" m *. This can be ex-
plained as follows. At sulficiently low densities, the screen-
ing length does not vary much with the particle number den-
sity. ( The major contribution to the inverse screening length
comes from the added electrolyte concentration rather than
the counter ions.) Under such conditions. the fcc phase 1s
more stable at low densities because a given screening length
would appear shorter when compared with the interparticle
distance at low densities. We plot, as an example. in Fig. 5,
the free energy differcnee between the fcc phase and the bee
phase as a function of the particle number density for parti-
cles of | um diam and Z = 4167 when the inverse screening

2 I
2:=4187
- 20 = IxIG®m
e -8 -
;I, Q= ixi0" m
g :
3
u-k
[
o
W FCC —\ — BCC
w OF B
w
<
- ’ 1 J
o 2 4

D (107m*)

FIG. 5. Free energy difference berween the fce phase and the bee phase asa
funcuon of the particle number deneity D.
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length is fixed at ¢ = 1 X 10° m~". As the particle number
density increases, the contribution of the counter ions to the
screening becomes important again. We then recover the sit-
uation where the fcc dominates at high densities. So far, we
did not include the screening by the electrolytes from the
water itseff. This is perfectly ail right when the particle num-
ber density is not too low. However, when the particle den-
sity is low, the electrolytes of pure water can contribute sub-
stantially to the screening. Thus, the reentrant transition
discussed above may be washed out by the intrinsic electro-
Iytes of pure water and it is very likely that we may not be
able to see it experimentally.

B. 7—qa, phase diagrams

If we define an effective temperature T =k, T /(Z %%/
4rmeyea, ) and measure the screening strength in terms of the
dimensionless parameter ga, where 2, = {Q/N)'? is the
average nearest neighbor distance, the phase boundaries in
Figs. 1-5 should then be all mapped onto the same curves on
the 7 — ga, plane. The phase boundaries in the 7'-qq_, plane
are shown in Fig. 6. The liquid phase is stable at high 7and at
large ga, (i.e., small Z and high salt concentration). The bee
phase is preferred at small ga, and fcc at large ga,. There is
no reentrant transition in either the 7 or the ga, direction.
The T-independent bee—fec phase boundary is a result of the
Debye-Hiickel screened interparticle potential and can be
explained as follows. First, within the physical range of T,
the internal energy difference between two crystalline phases
will change sign at the same ga, asit does at 7 = 0. This can
be seen from Eq. (2.14). The thermal vibration of the parti-
cles only magnifies the interparticle potential by a factor ey
for all pairs and does not change the sign of the difference of
the lattice sums of two crystalline phases which is the conse-
quence of the Debye—Hiickel screened potential. (The kinet-

20x10" 3+ —
1 2a:0109%10°%m 1
- -
1.8 .
| \ liquid
- -
T
1o BCC Fce 7
L ]
" J U Y | S S
05 15 2 25
a0,

FIG. 6. The T-ga, phase diagram for particles with diameter
20 =0.109%10""m, Where 7. ¢, and @, are as defined in the text.
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ic energy which is ik T for all phases is unimportant here.)
For the entropy part, the Einustein frequency » can be
thought of as the average vibrational frequency of all modes
and @’ is proportional to the average of the second deriva-
tives of the interparticle potential at all particle sites which is
q°E, within the Debye-Hiickel approximation where E, is
the T = Qinternal energy and g is the same for both phases at
the same density. With the expression of 7Sin Eq. (2.8), one
can readily see that the differencein — 75 between twocrys-
talline phases has the same sign as that of the 7" = O internal
energies and both change sign at the same ga, . Therefore, the
free energy difference between two crystalline phases aiways
changes sign at the same ga, as the T = 0 intenal energy
difference. The bee-fec phase boundary is thus independent
of T.

C. Effect of particle size

We also plot phase boundaries of particles wth Z = 400
but of different diameters in Fig. 1(b). First, one can sce that
a larger particle size moves the solid-liquid phase boundary
to a lower density. The discrimination of the liquid phase by
the size correction factor is precisely what prevents reen-
trant melting at high densities. The bee-fee boundary 1s un-
affected by the particle size. This size-independent bee~tce
boundary is again the consequence of the Debve-Hiickel
screened potential. The size correction (¢ /1 < qu )" is only
a multiplying factor of the lattice sum. which does not
change the sign of the internal energy difference of the bec
and fcc structures and hence does not change the sign of the
free energy difference is argued above.

D. Is hep structure possible?

Finally, we check the possibility of the hep structure at
high densities since the hcp phase has the same packing frac-

25x10™" v v -
- 4
g 1
9 G »
8 I \‘
gt N\ ]
Wt BCCepFCC neP 1
F Fee\ ]
-25- :
A
-50 ‘ I .

Q3

FIG. 7. The T =0 energy difference AE/E,, vs qa,. where
A8 piicer = Enpiiver — Ene-
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tion as the fcc phase at close packing. It turns out that the
hep phase is not favored throughout the entire ga, range.
Since the free energy difference changes sign at the same ga,
as the internal energy difference at T = 0, we will show only
the T'= 0 energy differences. In Fig. 7 we plot the I'=0
internal energy difference of the hep and bec phases as well
as of the fec and bec phases where AE ), e, = £ peperees
— E,.- One can see that at small ga,, the bec phase is the
stable state. At large ga,, the internal energy of the hcp is
lower than that of the bee but is still higher than that of fcc.
Although, the overall packing fraction is the same for both
the fcc and hcp, the difference in the arrangement of far
neighbors results in the difference in energy. So far, experi-
mentaily, hep structures have only been observed when the
system is under a shear stress,® which is obviously not an
equilibrium state, in agreement with our results.

IV. CONCLUSIONS

We have determined the phase diagrams in the param-
eter space by directly comparing the Helmholtz free energies
of different phases at the same parameters. The calculation
of the free energies involves the use of a variational principie
based on the Gibbs~Bogolyubov inequality and a Debye-
Hiickel-screened interparticle potential with size correction.
We have shown that the colloidal suspensions can freeze into
crystalline phases at higher densities. The fce and bee phases
are the thermodynamically stable structures. The fcc phase
is the dominant phase at higher densities while the bee phase
can exist at lower densities only when the particle charge 1s
high and the salt concentration is low. Both crystalline
phases will melt into liquid upon the addition of salt: fec
always melts into liquid directly, whereas bcec may transtorm
into fce before melting depending upon the particle number
densities. No reentrant transition is found upon the addition
of salt. However, highly charged particles can undergo an
fec-bee-fce reentrant transition at fixed nonzero salt con-

centrations when the particle nurmber density is varied.

Our calculations have completely neglected the van der
Waals attractions. This negligence is justified in the present
case where the charges of the particles are 1n the order of 10°
electronic charges and the densities are intermediate so that
solid-liquid and bee-fce transitions can take place. Under
such conditions. the interparticle imeraction 1s dominated
by the electrostatic potential. If the van der Waals attraction
is taken into account, the phase boundaries should move 1o
higher densities. Other than that. the phase diagram should
remain Qualitauvely the same.
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Abstract

A reversible growth model is built by modilying the cluster-cluster aggregation model with
a finite interparticle attraction éné}gy —T. When [ is o, the aggregation is described by the
ordinary cluster-clustcr aggregation model.  Within our model, particles as well as clusters arc
performing Brownian motion according to the rate {/1jy, and the unbinding takes place accord-
ing to ;l,;p—"ﬁ"7', where AL is the encrgy change duc to the unbinding, T is the room temper-
aturc, and tg is the time constant associated with the unbinding. By changing € and g,
we arc able to change the aggregation behavior over a wide range from ramilicd clusters to
compact oncs. Morcover, due to a finitc [}, ramified aggregates may become compact at a
later time. We show that the initially fractal aggregates can remain fractal objects during
restructuring while the fractal dimension D increases with time. At large L, 1) can stay at
some valuc that is larger than the value of the cluster-cluster aggregation model and can remain
unchanged for a long time. At a given time, 1) increases drastically with decreasing £ from

the value of the cluster-cluster aggregation model when <3 T. The curve of the estimated

sedimentation density vs. E resembles that of D vs. I¥ and agrees with the experiments.
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1 Introduction

Under suitable conditions, fine colloidal particles {~ 50 A -- ~ 1 pm in diamecter) can
form aggregates of a fairly large size (up to severai thousand particles). Fxtensive light, X-ray,
and ncutron scattering cxpcrimcnls”‘ showed that these aggregates arc fractal objects and that
the fractal dimension I varies with the experimental condition: D = 1.75 [Refs. 2,4, 6] when
the clusters grow rapidly and 1D = 2.02-2.12[Refs. 1,3, S]when the growth is sow. T['urthermore,
when light scattering measurcments were taken repeatedly in a temporal sequence. it was found
that aggregates with an initially lower 12 (1.75) can restructure to a higher [ (2.08-2.1
[Ref. 4]. 2.4[Ref. 6]) at a later time. This significs that the growth processes involve some
reversibility.  Some critical questions then arise:  Tlow do the structures of thesc aggregates
change with time? Do these aggregates remain [ractal objects during restructuring? { so, how

docs the fractal dimension D change with time?

The cluster-cluster aggregation (CCA) model”® which yields D = 1.78(1.4) in 3(2)d, where
d is the Tuclidean dimension, scems to agree with the colloidal aggregates of rapid growth.
When the CCA modecl is modified with a sticking probability p and when p is approaching
zero,” it produces clusters of D =2.0(1.55) in 3(2)d and is often compared with the aggregates
from slow processes. Although Ref. 9 gives a [ractal dimension closc\to that of the colloidal
aggregates by slow growth, it cannot account for the restructuring observed in the cxperiments
becausc of its irreversible nature.  Kolb ct al.'® have considered a reversible growth model by

modifying the CCA model with random bond breaking which vielded 1) = 2.03(1.57) in 3(2)d

at dynamic cquilibrium: however, they did not observe the change of 1D with time.

(]
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The purposc of this study is (1) to construct a more realistic reversible growth model which
involves the rearrangement of particles (rom energetic consideration rather than random bond
breaking and (2) to investigate the restructuring of aggregates with computer simulations. The
dircct observations of the colloidal clustering under an optical micrmcopc” showed that under
weakly attractive conditions, a particle can join and lcave a cluster repeatedly and that a
particle with fcwer bonds is morc active than one with more bonds. Furthermore, the com-
paction of a colloidal sediment can occur upon the decrease of the interparticle attracton.'?

These observations plus other flocculation studics'? suggest that the interparticle attractions

play an important role in aggregation.

1 Model

Since the CCA modcl scems able to describe the colloidai clusters grown from the rapid
processcs, we build our model by combining the CCA model with a finite ncarest-neighbor
attraction energy — E. The unbinding process is simulated with the Monte Carlo method. For
convenience, the calculations are performed in 2d. The procedure is as follows. Initially N
particles are placed randomly in an M x M square lattice with pcriou]c boundary conditions.
The particles and the clusters are performing Brownian motion (random walk). After cach time
interval 1y, ali particles and clusters move one lattice constant.  Far simplicity, we assune all

clusters to have the same mobility since this docs not change the scaling propcrlics.”" When

two clusters collide, they stick together forming a larger cluster and then move on as a wholc.

.
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Morcover, because of to its thermal motion a particle can unbind {rom its neighbors according

—~AE/T

! . . . . <
to the rate iR € , where tp is the time constant associated with the unbinding proccss,

T is the room temperature, and AL is the energy change due to the unbinding. We assume AL
= nL where n is the number of neighbors of that particle, | to 3 in the casc of a square lattice.
Particles with four neighbors are not allowed to unbind in this case. In practice, the unbinding
transition of every particle ts examined after cach time interval tr with a probability e ~nFEIT,
If ¢ “"F/T is larger than a random number. the transition is accepted or otherwise rejected.
When the unbinding is accepted. the particle moves once lattice constant in onc of the rest of
the 4 - n directions at random and the cluster is divided into segments. The resuiting number
of segments ranges from two to four depending on the number of neighbors bonded to that
particlc and on the configuration of the cluster before the break-up. For example, the break-ofT
of a double-bonded particle in the neck portion of the cluster can result in as many as 3
scgments, namely, one particle and two other parts. Fach segment will then difTuse as an

independent cluster and will stick to whatever it collides into later on. In our calculations, we

do not allow particles or clusters to rotate. 1Towever, we do not expect the rotations to alfect

the scaling propcrtics.lS

By varying E and tg/tp, we are able to change the growth behavior over a wide range.
The CCA model corresponds to a special casc when E = . The parameter tg is the inverse
of the unbinding attempt frequency while 1y is related to the difTusivity of the particles in the
solution and is used in normalizing the time scale. A large rr/ty may be interpreted as a
higher particle mobility relative to relaxation and is analogous to the quenching rate in the

glass transition.




111 Results

We show as cxamples in Figure 1 three different aggregation conditions initiated with the
samc number densitics but with different values of I and wp/tyy. TMigure I{a) is the casc when
E = 1.5 Tand tp/tp = 0.2 in which large aggregates can hardly be formed. [TFigure I(b)
shows the case when £ = L5 T and wp/ty = 2 where aggregates arce formed but there are
still quite a number of particles feft in the {luid phase throughout the simulation. In Fig. 1(c).
we show the case when E = 3.5 T and ity = 2 in which almost no free particles arc left
in the solution and the cluster looks more ramified.  Figures 1(a), (b, and (c) togzether show

the general trend that cluster size increases with increasing I and e tp.

At a given number density, as [T decreases. the cluster size decrcases and the fluid phase
becomes more favored duc to more ciTicient relaxation. In Fig. 2, we show the saturated cluster
size as a function of I? for three different cases. The lact that the fogarithm of the cluster size
is linear with I: for all cases indicates that the cluster size decrcases exponentially with I This
means that the actual aggregates cannot grow to an infinite size hecause of the finite coupling
encrgy. Meanwhile, it is worth noting that the cluster size also increases with increasing tp/tp
or particle concentration, both of which are similar to increasing quenching rate. However,

we will show later that only E affects the restructuring behavior of clusters with respect to time.

To investigate the effect of restructuring we use two difTerent procedures: (1) We start
with clusters of various sizes N grown from the CCA model at the same number density and

turn on the relaxation. To show the restructuring clTect this way is mainly for the case of
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comparison, although it may appear unnatural at the first sight (there scems to be a sudden
change in [: from -o to some finite valuc at t = 0). What this procedure really represents arc
the cases where tr/tp is large cnough, i.c., the aggregation is much [aster than the relaxation
so that initially the aggregates are not very different from thosc of the CCA model. (2) We
have also studied the structural evolution ol aggregates during growth. This can be achieved
by choosing smaller i’aluc§ of tr/ty so that suflicicnt unbinding is taking place along with

cluster growth. We will show later that the results of the two procedures are quite similar.

FFor cach sct of Il and tr/tp, log N is plotted against log Ry, in every 100 11y where R,

is the maximum radius of a cluster and is defined as

n

In cach N vs. Ry plot, we include 11-14 data points in the range 30 2N < 200.300; cach
point is the result of averaging over ten samples. 1t turns out that the curves are hincar
throughout the simulation and the slope of the lines increases with time.  An cxample done
with procedure (1) is given in [ig. 3. Notc that for a given N, the corresponding Ry is
decrcasing with time, indicating that the clusters arc getting denser and denser. The t = 500
1 and the t = 10000 tp plots remain lincar while the slope is increasing with time: 1.35 at
t =0, 146 at t = 500 1p, and 1.63 at t = 10000 rp. This suggests that the clusters remain

fractal during restructuring but that the fractal dimension is increasing with time.

We then take as the (ractal dimension the slope of the log N vs. log Ry, lines by least

square fit. The t = 0 plot which represents clusters grown from the CCA model thus has a

6




fractal dimension D = 1.35 + 0.05, in agrcement with the valucs obtained in Refs. 7 and 8
within numerical crrors. We have also plotted log N vs. log Ry (not shown) where Ry is the

radius of gyration and is defined as

N
1 - -
R = —= r.— 7.l 2)
s = NI T T (
(G)]

Generally, the fractal dimension 13 obtained from the log N vs. log R, plots are somewhat
larger (by about 0.05 on the average) than that of the log N vs. log R, plots: however, the
difference is comparable with the numerical crror bars. The values of D reported in this paper

arc all based on the N vs. Ry, plots.

In Figure 4, we plot D vs. t for varfous values of I and g tp. In Fig. Had, we have
chosen a small value of tp/tpy = 0.5 and uscd procedure (2). Because of the small values of
rirp and E, the unbinding is taking place sufliciently along with cluster growth. In fact,
when we stopped monitoring, i.c., at t = 1000 tpy, the clusters were still growing.  Thus, Tig.
4(a) can be regarded as the structural cvolution of aggregates during growth and will be
compared with [ig. 4(b) which is obtained by using the same vatue of Tt but a different value
of tp/tp and procedure (1). In spite of difTerent procedures used, the two curves look similar
and the only difference is in the time units. Thus, varying r/tp only changes the time scale
but not the behavior of D vs. t. When [I° is increased, the change of I becomes slower, as is
shown in Figs. 4(c)-(¢), which arc obtained by p;‘nCCdler (1). Note that Figs. 4(d) and (¢) bath
have the same valuc of 1Y which is 1,35 at t = 0 because we start with the same initial clusters

for the purpose of comparison. In Figs. 4(d) and (¢), D quickly increases from the CCA valuc




and then saturates at some value ID° while D° decreases with increasing 110 D7 = {5 for b =
25T, D = 1.42 for 2 = 3 T. This indicates that under suitable conditions aggregates can
have a fractal dimension D that is substantially larger than the CCA value and D remains

unchanged over a long period of time, which has been observed cxpcrirr]cr1tall}'.4

We plot in Fig. 5, D vs. I for t/tp = S att = 5000 1y and at t = 10000 1 to show
the different restracturing rates at different I3, [t is clearly shown that the change of [D with
time is accelerated when E is decreased from 3 1. Also note that for a given t. D) remains
closc to the CCA value at large E but drasticallvy increases (rom that at around £ =3 T, IT
we take D as a rough measurement of the densities of the agglomerated solids, we would expect
a similarly drastic change in the density when the interaction cnergy is varicd. Indeed, this has
heen observed in flocculated colloids.'? We show the relation between the seta potential of
the particles and the sedimentation density in Fig. 6 which is taken (rom Refl 12, In a charged
colloidal system, the interparticle interaction is the sum of (1) the screened Coulomb repulsion
and (2) the van der Waals attraction. The screened Coulomb repulsion can be vaned over a
wide range by adjusting the pll, the salt concentration, and so on, whilc van der Waals
attraction remains more or less unchanged. Thus, under certain pil and salt concentrations,
when the screened Coulomb repulsion is sulfliciently reduced, a net interparticle attractive
potential well can develop. The data points in Fig. 6 were taken under such conditions. The
magnitude of the square of the zeta potential %% can scrve as a rough measurc of the screen
Coulomb repulsion at a fixed salt concentration:'* The higher the value of £2, the stronger the
Coulomb repulsion.  Thercfore, in IMig. 6, a smaller value of 2 reprasents a decper attraction

well. Tt is shown that at small values of {2 (larger net attractions) the sedimentation density




is very low and that the sedimentation density increases at larger values of %2 (smaller net
attractions). Note that the sedimentation density does not change much until the zeta potential

reaches some critical value £ around which the sedimentation density increases by many folds.

In order to estimatc the sedimentation density {rom our calculations, we assume the
scdiments to be composed of blobs of some 175 particles and the scdimentation density is
approximated to be 175,’(an2) where R, is taken from the calculations at 10000 5. This is
not unrcasonable since the aggregates start to settle to the bottom when thev reach a certaun
size. The results are plotted in Fig. 7. Onc can scc that the estimation closelv resembices the

cxperimental curve in Fig. 6.

1V Summary

To summarize, we have built a reversible growth model in which necarcst ncighbors have
a finitc attraction cnergy — I so that the rearrangement of particles is possible. By varving
I3, tr/tn, and the particle concentration, we are able to change the aggregation condition over
a wide variety. The restructuring behavior is mainly affected by E. We show that the aggregates
can remain fractal during restructuring while the fractal dimension D is increasing with time.
When [ is large, the change of D becomes so slow that 1) stavs at some intermediate valuc
D" and remains unchanged for a long time while 12" decrcases with 1. In the I vs. I3 plot we

show that 1) increases drast’ lly from the CCA valuc at around I¥ <3 T and is getting closer
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to d as [ is decreased. We have also estimated the sedimentation densitics from our calculations.

The estimated sedimentation density vs. E closely rescmbies the experimeuntal curve.

In principle, the results we have just shown should readily apply to a varicty of systems,
since our model is quite gencral. However, the colloids scem to he ideal to test our results.
The reasons are the following: first, the interaction between the colloidal particles can be
varicd easily over a wide range by changing the particle surface potential (7eta potential), the
salt concentration in the solvent, or the extent of steric interaction when they are coated with
polymeric units. Sccondly, the size of the colloidal paticies can also be varied in a wide range,
which is equivaient to changing the particle mobility and is somewhat rclated to the change

ol the paramcter of p/tp in our model.
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Figure Captions

Fig. 1. Temporal evolution of various aggregation conditions with 212 particles in a 50 x
50 square lattice (a) E = 1.5§ T and wg/tp = 0.2, () E = 1.5 Tand wpjip = 2, (¢) E =

35T and wp/ip = 2.

Fig. 2. N vs. E/T, where N,,, denotes the largest cluster, (o) at p = 0.051, tp 1y = 5. (V)

atp = 0125, g/ = 2and () atp = 011, tpirp = 2 where p denotes the density.

Iig. 3. N vs. Ry, where N is the cluster size and Ry, is the maximum radius in units of the

lattice constant as defined in the teat.

Iig. 4. D vs. t for various cases where 1D is the (ractal dimension and t 1s the time.

Fig. 5. D vs. I for tritpy = 5, (0) at t = 10000 17y and (1) at t = 5000 1py.

Fig. 6. The variation in the sedimentation density (relative to the total volume) of the

colloidal solids as a function of (C/Cc,.)2 where §, is the zeta potential at the critical point.12

The insert is the scanning electron micrograph of particle clusters formed at low ¢ values.
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COLLOIDAL PROCESSING OF CERAMICS WITH ULTRAFINE PARTICLES

I. A. Aksay, W. Y. Shih, and M. Sarikaya

Department of Materials Science and Engineering
College of Engineering
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Seattle, Washington

INTRODUCTION

Recent advances in the development of ceramic matrix composites have
illustrated the importance of microdesigning increasingly compiex systems
for structural, electronic, magnetic, and optical applications. The trend
is in the direction of tailoring composites that display spatial resoluticn
in the submicrometer range.1 In accordance with this trend, the work that
we reported in the first two proceedings of this conference series on
Ultrastructure Processing emphasized the role of colloidal dispersion and
consolidation techniques in tailoring microstructural features of ceramic

systems in the 107% to 1077 o range}'3

In these studies, we exazmined the
process of colloidal consolidation from a fundamental point of view and
introduced an equilibrium phase diagram that provided an all inclusive
treatment of phase stability in colleidal syscems.3 Further, we presented
our experimental observations on the metastable hierarchical features of
the colloidally consolidated systems which played a key role in our
generalized treatment of the colloidal phase transitions.

In this chapter, we expand the scale of our interest to the nanometer
(< 1077 m) range to illustrate the unifying features of colloidal proces-
sing in the micrometer vs. nanometer range. Since the formation of
hierarchically clustered structures in colloidally consolidated systemg
appears to be a rule rather than an exception, we ncw more critically
examine (i) the conditions that result in the formation of particle clus-
ters and their networks, and (ii) the role that nierarchically zlustered
structures play in the processing of cercamic systems. First, we briefly
summarize the implications of the equilibrium phase diigram. Next, we

summarize the predictions of a reversible cluster growth model which accu-

1




rately accounts for the energetic and entropic effects leading to the
formation of low density clusters and their restructuring. Last, we empha-
size the practical aspects of ceramics processing by illustrating the role
that hierarchical clustering plays in the evolution of nanostructural

features. The SiOz—AlZO3 system is used to illustrate the concepts.

PHASE STABILITY IN COLLOIDAL SYSTEMS

Our prior work illustrated that in colloidal systems of only one type
of particles, one component equilibrium phase diagrams familiar to us in
the atomic systems can be used to outline the onset of transitions from a
stable suspension (colloidal fluid) to consolidared (colloidal solid) state
in a generalized- form as a function of two intringic variables: (i) the
reduced température, kT/E, where k is the Boltzmann constant, is the
thermodynamic temperature, and E is the interaction potential between
particles; and (ii) -the particle number density, i.e., solids content, of
the suspension (Fig. 1.3 Here, the colloidal fluid refers to the state
of a dispersed suspension or "slip" that generally diplays a low viscosity.
The colloidal solid refers to the comsolidated or "cast" state of a signi-
ficantly higher viscosity that is subsequently transforzed into a denser
component through sintering.

Two aspects of this phase diagranm are of practical icportance in
colloidal processing., The first one relates to the preparation of low
viscosity suspensions, i.e., "slips"; and, the secord one relates to the
packing density of the consolidated structures, i.e., "casts". Both of
these issues are of prime importance since in many processing applications
it is advantageous (i) to work with suspensions that contain high solids
contents (> 60 vol. Z) but low viscosities (¢ 1 Pa-s), and (ii) to consoli-
date these suspensions into densely packed states. On the first issue, the
model3 used in the calculation of the phase diagram in Fig, 1(a) predicts
(and it is experimentally confirmed®=6) that dispersed suspensions of high
solids loadings (> 50 v/o) can only exist above a critical interaction
potential. Typically, these dispersed suspensions display low viscosities;

thus, the supercritical range is highly preferred in the preparation of low

viscosity and highly concentrated slips.” 1In comtrast, below the critical
2
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r point, particles readily cluster at significantly lower solids loadings

L (¢ 10 v/o), and these low density clustered (i.e., flocculated) networks
generally display significantly higher viscosities than the dispersed
suspensions. Therefore, the supercritical range is preferred for forming
processes where the use of low viscosity suspensions with high solids
loadings is required, and the subcritical range is avoided.

On the second issue, it is predicted that regardless of the interac-
tion potential the formation of high packing density casts (Fig. 1(a)) is
expected if a colloidal system can attain its equilibrium (i.e., the lowest
free energy) state., However, these equilibrium packing densities are never

" attained experimentally (Fig. 1038 This discrepancy is due to the
formation of metastable hierarchically clustered particle compacts during
the transition from the dispersed to consolidated state.z'3 Consequently,
in such hierarchically clustered structures, the classificaticn of the void
space follows a similar trend as first, second, third, and higher jenera-
tion voids. In the supercritical range, the hierarchy is generally
observed only to the second generation, and, typically, average packing
densities of ~0.64 are obtained with monosize particles (Fig, 1(b)). In
the subcritical range, however, the existence of third and higher genera-
tion voids results in significantly lower packing densities than those
predicted by the equilibrium phase diagrom of Fig. 1(a). These second and
higher order voids become responsible for the higher sintering temperatures
and shrirkages than are intrinsically possible if dense packing could be
acbieved.9711

Once again, in forming processes where high density packing and thus
low temperature sintering is required, it becomes undesirable to work in
the subcritical range, and this provides another justification for avoiding
flocculated systems. Although flocculated systems havérbeen avoided in the
past, in the following sections we will show that it is difficult to
totally avoid the subcritical range, especially in the nanozeter range. In
such cases, a solution must be found to the high viscosity and low packirg

density problems discussed above.
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DENSIFICATION OF FRACTAL CLUSTERS AND NETWORKS

The formation of low density networks in the subcritical range has
been the subject of numerous studies.]? In particular, the most recent
studies on the kinetics of particle clustering in colloidal systems have
emphasized the fractal aspects of multiple clusters formed either by rapid

or slow growth processes.l3

Experiments showed that when the clusters grow
rapidly the density is'low with a fractal dimension D = IJS;IA and when

they grow slowly, the density is higher with D = 2.02-2.12,13 where D = 3

. corresponds to the densest packed state in 3d.

It has also been shown that, under certain conditions, clusters that
aré.initially’at a low density state may densify with tize to yield a
higher fracral dimension (e.g.,, D = ZJO.IA This restructuring to a denser
state suggests the possibility of attaining densely packed structures even
in the subcritical region. Since the conditions that yield restructuring
of fractal clusters and their networks to higher densities are not clearly
understood, in a recent study we have simulated the process of restruc—
turing with the Monte Carlo method in order to deter—irne the parazeters
that play a key role in the demnsification process.16 As sumzarized below,
the model accurately mimics the experizental results and predicts that in
colloidal systems of weakly interacting particles it is possible to achieve
high packing densirties.

15

The model used in the Monte Carlo simulations is a modified form of

the cluster-cluster (CL-CL) aggregation model.”'18 In order to facilirate

unbinding and restructuring of clusters, we introduce a Boltzzann factor
e'"E/T where n is the coordination number of an unbinding particle, ~E is
the interparticle attraction energy, and T is the laboratory temperature
(Fig. 2). The unbinding transition of each particle in a square lattice is
examined after a time interval of Ty with a probability-e—“E/T. 1f e ME/T
is larger than a random number, the transition is accepted, or otherwise it
is rejected. If unbinding is accepted, the particle moves at random one
lattice constant in one of the rest 4-n directions while the cluster is
divided into one to four segments depending on the configuration. Each
particle or segment then diffuses as an independent unit and may cluster

with other units at a later collision. The particles or clusters alone

perform Brownian motion with a time interval of Tpe Thus, the parameter T
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is the inverse of the unbinding attempt frequency while Tp is related to
the diffusivity of the particles or clusters in the suspension and is also
used to normalize the time scale. The dimensionless quantity TR/TD is
analogous to the quenching rate of transitions from fluid to solid phase.
A high TR/TD implies higher particle or cluster mobility that is relative
to relaxation, i.e., a rapid quenching rate.

In Fig. 3, we plot the fractal dimension D (in 2d) vs. E determined
through the computer simulation for Tp/Ty =5 at t = 5,000 Tp and at
t = 10,000 Ty, Since D is a rough estimate of the cluster denmsity, the
relationship in Fig. 3 can also be viewed as a density vs. E profile. The
striking similarity between this computer simulated density profile and the
experimentally determined profile of Fig. 1l(b) supports the approrriateness
of the parameters and the procedure used in the sizularion. We rmay now use
this model to predict the behavior of colloids in general with respect to
the parameters E and Tp/T,. The binding energy E which appears in the
Boltzmann factor is the key parameter that affects the extent of restruc-
turing. When E is large, the prcbabilicy of unbinding is small and
restructuring is less significant. As a resulr, at large E (> 37), D is
lov and remains close to the CL-CL value (Fiz. 3). In contrast, with
decreasing E, restructuring becomes more significant and D increases with
tize towards the dense packing value of 2 (in 2d).

The second parameter Tg/Tp mainly affects on the rate of restruc-—
turing. Fig. 4 shows that for a low £ value a high density state is
achieved in a shorter time when Tg/Tp is small (Fig. 4(a)). Thus, this
simulation implies that if we retain both E and Tg/Tp at a low value, it is

possible to achieve densely packed structures even with the flocculated

networks of the subcritical regime.

We may now combine the results of this simulation with the equilibrium
phase diagrams observed in highly repulsive systems to suggest the form of
a nonequilibrium phase diagram of V/kT vs concentrarion as shown in Fig. S
where V denotes the generalized interaction potential and V = -E for
attractive systems. The high V/kT region of this diagram outlines the
equilibrium phase transitions observed in highly repulsive systems as
detailed in Ref, 19. Here, with increasing V/kT, the onset of fluid to
solid transition shifts to lower concentrations as 'the hydrodynamic radius

of the particles increases with the development of an electrostatic or
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steric repulsive barrier around the particles. The low V/&T region corres-—
ponds to the highly attractive systems that result in the forzatrion of
ramified structures as discussed above. In this case, although the hydro-
dynamic radius is small, the onset of fluid to solid transitrion again
shifts to low solids loadings due to the forzation of fractal clusters with
low density. Either extreme must be avoided when high density packings are
desired. The intermediate range is most suitable for the preparation of
slips with high solids loadings and densely packed structures. In practi-
cal terms, this goal is accomplished when we work (i) with disperced sus-
pensions in the lower supercritical range (Fig. 1) where the hydrodynamic
radius of the particles is minimized,” or (ii) with weakly flecculated
suspensions in the upper subcritical range that can readily restructure
towards densely packed states. In the latter case, the use of surfacrants
as lubricating agents aids the process of restructuring to forz hizher
densities.20:21 14 effect, the use of surfactants as lubricating agents is
equivalent to lowering both E and TR/TD in the Monte Carlo siculation
discussed above, although presently we do not clearly understand the exact
role of the surfactants separately on E and Tg/Tp. The izportant point is
that the suggestion of using weakly flocculated systems to process dencely
packed casts is contrary to the conventional wisdom which suzgests that

. 2
only dispersed systems be used.z“

TAILORING OF NANOCOMPOSITES WITH ULTRAFINE PARTICLES

It has been customary to divide the field of ultrastructure processing
into two distinct groups as (i) sol-gel and (ii) colloidal suspension
ptocessing.23 As Iler appropriately pointed out,2% this distinction
relates mainly to the size of the particles used in a suspension. In the
sol-gel group, the scale of interest is the nanometer range, whereas the
colloidal suspension group is mainly concerned with processes that utilize
suspensions of micrometer size particles. The model presented in the
previous section may be used to explain the unify}ng features and the
differences observed between these two groups. The unifying feature is
that the nucleation of particle clusters and theirc networks as hierarchi-

cally clustered structures is expected in both groups. The extent of
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hierarchy determines the overall packing density of the system. The first
difference is predicted to be in the relaxation behavior of these hier-
archically clustered structures as related to the parometer Tg/7p- In the
nanometer range, the formation of low density structures is favored even in
weakly attractive systems as Tp/T, is expected to increase due to higher
particle mobility (i.e., small Tp) and high reactivity (i.e.. high TRl

The second difference relates to the hydrodynamic size of the
particles which becomes a significant factor in limiting the effective
particle concentration in a suspension., As a result of these differences,
the fluid range of Fig. 5 becomes more narrow even in the intermediate
range as the particle size decreases to the nanometer scale. Consequently,
with nanometer size particles it is difficult to prepare concentrated
suspensions and gels (Fig. 6), and the processing of monolithic cozponents
is often impossible due to excessive shrinkage and cracking during drying
and sintering stages.

Presently, an easy solution to this excessive shrinkage prcblem is not
available. An ultimate solution would be to establish a methodclogzy for
the preparation of highly concentrated suspensions in the nancoeter range.
Based on the model presented in the previous section, we again emphasize
that two possible approaches are: (i)} the minimizaticn of the hydrodynanic
radius, and (ii) enhanced restructuring of the clustered netvorks. In
either case, the use of surfactants is expected to be essential.20,2l 1,
spite of this excessive shrinkage prcblem, however, many successful appli-
cations of nanocomposite processing with ultrafine particles have been
illustrated.23 Below, we summarize the results of our work on the proces-—
sing of monolithic mullite with ultrafine particles and outline the process
requirements for the control of nanostructural features.

Recent studies have illustrated the potential of mullite (3A1203'25i02)
as a matrix material for high temperature applications.zs In most studies,
it has been necessary to work at temperatures above 1500°C in order to
achieve full densification (Fig. 7). . Qur studies on kaolinite
(A1203’25i02'2H20) - Al,03 mixtures have illustrated that these high pro-
cessing temperatures may not be necessary if amorphous and nanometer size
particles are used to promote rapid densification b& viscous deformation at

temperatures as low as 1250°C.26  Similar observations have been made by

other investigators; but, fully dense and monolithic specicens could not be
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obtained.2? In our studies, we have been able to densifyv monolithic gels
to 98% of the theoretical density at 1250°C within &4 h.28 The essential
requirement is to control the degree of particle and thus chemical segrega-
tion in the nanometer scale in order to delay the erystallizavion of nul-
lite prior to total densification (Fig. 7). Particles of A1COH (~15 nm)
are used as alumina source, and the controlled hydrolysis of tetra-
ethoxysilane (TEOS) around the AlQOH particles provides the silica compo~
nent. Viscous deformation of silica before the onset of mullite forzarion
at temperatures ~1250°C provides the mechanism for rapid demsification.
Subsequent crystallization to mullite results in the depletion of both
alumina and silica provided that the degree of particle segregation is
controlled to an optimum level. When particle segregation iz not
controlled and A1QOH particles aggregate into clusters > 50 rta, two types
of defects result: (i) with the capillary suction of silica into the ALCOH
particle clusters, intercluster pores forz and thus result in leow sintered
densities (Fig. 8), and (ii) pockets of ~5-19 nm size amorphous silica are
perzanently trapped within mullite grains when mullire crystals sweep
through the silica rich regions (Fig. 9). The atomic resoluticn izage in

Fig. 9, taken in [010] orientation, reveals an exanple of amorpghcus region

(> 903 510,) within a mullite grain,

CONCLUSIONS

The equilibrium phase diagram of colloidal systems predicts the formpa-
tion of densely packed particle compacts regardless of the interaction
potential between particles, However, in reality chese equilibrium packing
densities are never attained due to the formation of metastable hier-
archically clustered particle compacts. The reversible particle clustering
model summarized in this paper properly accounts for the formation of low
density structures and their restructuring behavior towards the equilibriuam
state. In order to prepare highly concentrated susgensions and casts, two
approaches are cuphasized: (i) the minimization of the hydrodynamic
radius, and (ii) enbhanced restructuring of the cluswvered networks. The
accomplishment of this goal, however, becomes increasingly more difficult

as the particle size decrecases to the nanometer range.
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In spite of the low packing density problems of the nanometer range,
processing with nanometer size particles or polymeric units offers
advantages not only in the control of structural detail: down to the mole-
cular dimensions but also in achieving lower sintering teoperatures than
are possible with micrometer size particles. The advantage of using amor-
phous particles to achieve rapid densification rates is illustrated with
the case study on the Si0>-Al,04 system. It is also illustrated that a
precise control of particle clustering is required to elizinate defects

that are smaller than 5-10 nm.
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FIGURE CAPTIONS

-

(a)

Phase diagram (outlined with thin solid lines) for a
colloidal system of only one type of particle.3 In elecrro-
statically interacting systems, the reduced temperature

scale is approximately proporticnal to (:/',o)2 where @ is
the surface potential and o is a normalization constant.

The maxizum packing demsity is predicted as ~ 747;

(b) Sedizentation (thick solid line with open circles) and slip
cast (thick broken line with open triangles) densities are

lower than the predicted dense packing

ing

value.

The model used in the Moate Carlo sizulation of reverzible

clustering.16 Cluster (&) may go through configuraticn chance

with the unbinding of particles 1 through 3. Particle 4 canrnot

{
{
be removed. Unbinding toxes place according to the removal rate 1
oV And am N .
e~0T/T yhere 0E is the enercy chanpge due to the untiniing and
increases as the nuzber of nearest neijhbors increases. 1
Possible configuraticns after unbinding are shown for each case. ‘
Fractal digension D vs. Z/7 for Tg/Tn =5, () at = = 10,0707+

and A at t = 5,C00 -

at a fixed £ = 1.57 and {(a) for

TR/TD = 0.5 and (b) YR/TI‘) = 10.

Fractal dizension D vs. ¢

Schematic form of the nemequilibriuva colloicdal phase éiapraz.
In the high V/KT region, the onset of fluid to solid transiticn
shifts to lower concentrations due to increasing hydrodynarmic
radius.t?

The effect of particle size on the maximum particle concen—
tration of electrostatically stabilized suspensions of 0-Al,0;
(> 1 ym) and A100H (< 1 Um) without exceeding a suspension
viscosity of ¢ 1 Pa~s. A significant densification is observed

during drying in the nanometer range.

Densification of mullite forming gels with respect to

In contrast to the gel, a kaolinite + alumina
mixture of mullite composition has to be heated to 1650°C in

teaperature.
order to achieve a fully dense starte,

Schematic representation of the A1COH (cross-hatch particles) =

5i0, (dotted matrix) nanoccmposites.
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Figure 9:

Atomic resolution image of mullite lattice. An zaorchous
entrapped region is seen with a "granular" ccentrast which
contains 90% SiQ, as determined by electron energy loss
spectroscopy. B;ight dots are projections of [0il] atezi
columns in the mullire lattice.
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ABSTRACTS OF PAPERS IN PREPARATION

Shinohara, N., and Aksay, I.A., “Processing of Dense Al;O3 Through Gelation: 1. Crack-
ing Problem,” J. Am. Ceram. Soc., 1987a (manuscript in preparation).

Sol-gel processing has been widely investigated [or the [abrication of ceramics and
glasses because it has advantages for reducing the sintering temperature and for preparing
the materials with high uniformity and purity compared to the conventional processing.
In the present work, the drying behavior of a-Al;O3-seeded bochmite gels and the influence
of a heating rate on cracking were studied. Roehmite t:ansforms to y-Al;O4 by the reaction
2A100H - AlLO3 + H30. Since the weight of 15% is lost during the dchydration, it is
estimated that the dehydration of boehmite causes cracking during heating of the gels.
The gels were dried slowly at room temperature to prevent cracking.

The cracks in the samples were mainly attributed to the rapid dehydration of boehmite
near 450°C, hence the heating rate had to be controlled below 1000°C to prevent the
cracking. Fine, fibrous boehmite powder did not avoid the cracking because of the large
shrinking anisotropy. The heating rate below 1000°C also affected the densification be-
havior of the samples.

Shinohara, N, and Aksay, I.A., “Processing of Dense Al,03 Through Gelation: II.
Densification Kinetics,” J. Am. Ceram. Soc., 1987b (manuscript in preparation).

Densification behavior of the a-Al;03 sceded boehmite gels was investigated. Rapid
densification occurred after the y-to-a-Al,O3 phase transformation. Enhanced densification
behavior of boehmite with a-Al;03 seeds can be attributed to the (1) small neck size and
the (2) small and uniform a-Al;O3 particles at the onset of the densification (after the
completion of y- to a-Al;3 phase transformation). Seeding of a-Al;Oj3 particles into the
bochmite matrix promoted the homogeneous nucleation and growth process of a-Al,03
in the system in the low temperature region, resulting in the formation of small pores or
cracks in the system. Decrcasing the agglomerate size in the bochmite matrix led to a
reduction in the sintering temperature.

Shinohara, N., Sarikaya, M., and Aksay, LA., “Low Temperature Sintering of Mullite
Through Sol-Gel Processing from Bochmite-TEQS,” J. Am. Ceram. Soc., 1987 (manuscript
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in preparation).

Mullite (3A1203 ® 2Si0;y) is a sole stable phase in the $i02-Al;03 binary system and
is considered to be a candidate material for high temperature applications and for optical
and electronic uses. Mullite powder has been synthesized by various approaches, such as
powder synthesis from alkoxides or metal organic compounds, spray pyrolysis of the
solution, heat-treatment of the gel, hydrothermal synthesis of alkoxy-derived precursor,
and other methods. In this research, we investigated the densification behavior of mullite
through sol-gel processing from boehmite and TEOS. The gels could be densified to 3.00
g/cm3 at 1250°C by removing large agglomerates which were contained in the initial
boehmite powder. Low densities of the gels with large agglomerates were attrituted to the
pore formation in the excess silica region. This was introduced by inhomogeneous mixing
because of the aggiomerates. Heating the gels caused mullitc to form through sudden
reaction in the y-Aly03 solid solutions and through the difTusion controlled process.

Pyzik, A.J. and Aksay, LA., “Relation Between Microstructure and Some Mechanical
Properties in the B4C-Al Composites,” J. Am. Ceram. Soc., 1987 (manuscript in preparation).

Fracture strength and fracture toughness of B4C-Al composites have been characterized
with respect to type of microstructure. It was found that mechanical properties of this
system depend on the amount of metal present, the type and distribution of the secondary
phases that form and a continuity factor. Materials have been obtained with a combination
of 645 MPa strength and 9.7 MPa m'/2 toughness and 545 MPa strength and 14.4 MPa
m!/? toughness.

Shih, W.Y. and Aksay, 1.A,, “Phase Diagrams of Bimodal Charged Colloidal Particles ”
J. Chem. Phys., 1987 (submitted for publication).

The stability of the substitutional crystals of bimodal charged colloidal particles has
been examined by comparing the free energics of the crystalline solids as well as of the
liquid. The free energies are calculated variationally. The Einstcin model and the hard-
sphere fluid are respectively used as the reference system for the solid and for the liquid.
The charge of a particle is assumed to be proportional to its diameter as is found exper-
imentally. Let y denote the ratio of the diameter of the small particles to that of the large
particles. Our results show that only when y is close to unity, say, 0.8, a substitutional
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crystal can be formed whilc the crystalline phase is still less stable against the formation
of the liquid phase in the intermediate concentrations than in the pure cascs, i.e., the
freezing density has a maximum at some finite concentration. When y deviates more from
unity, say, 0.5, the crystalline solid cannot be formed in most of the phasc regions except
those that are close to the pure cascs.

Liu, J., Shih, W.Y., Kikuchi, R., and Aksay, l.A., * On the Clustering of Binary Colloidal
Suspensions,”, J. Colloid Interface Sci., 1987 (manuscript in preparation).

Recent experiments on binary colloidal suspensions have shown that particles of the
first kind (e.g., alumina) can be induced to flocculate by the presence of particles of the
second kind (e.g., polyacrylic acid particles), within a certain range of the density of the
second species of particles. This is similar to the depletion flocculation and depletion
stabilization of the poiymer-colioidal systems. We have thoroughly cxamined the binary-
particle systems with numerical simulations (Monte Carlo) as well as with analyticai
equilibrium calculations (CVM). The simulations show a peak in the flocculation rate as
the density of the second-species particles is varied while the CVM calculations show a
monotonic increase in cluster size. The discrepancy between the simulation and the CVM
calculation suggests that the restabilization of particles at high density is due to kinetics.
We further show from free energy calculations that the flocculated state is a metastable
one whose underlying stable state is phase separation. Our calculations together with
experiments on binary colloids may shed some light on the understanding of the polymer-
colloidal systems.

Shih, W.Y., Liu, J., and Aksay, I.A., “Adsorption of Polymers and Polyelectrolytes on
Colloidal Surfaces,” J. Colloid Interface Sci., 1987 (manuscript in preparation).

Polymer and polyelectrolyte adsorption on colloidal surfaces has been a useful technique
for tailoring the properties of a colloidal system. [lere we provide a lattice model in which
a polymer can wiggle through the individual monomers’ flipping, and can perform Brownian
motion as a whole (random walk) as well. By assigning appropriate interactions between
the individual monomers and between the monomers and the colloidal surfaces, one can
study the multi-chain adsorption behavior of neutral polymers as well as polyelectrolytes.
The processes involving the Brownian motion and the flipping are simulated with the
Monte Carlo method. Details of the model and the preliminary results on adsorption and
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the steric intcraction between two adsorbed layers will be prescnted. Comparison with
experiments will also be made.
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THESIS ABSTRACT

Sintering of Bimodal Compact
by

Chan Han

M.S. 1985

To achieve desirable sintering behavior of powder compacts resulting in a densc material at low
temperatures, it is necessary to obtain green compacts with uniform pore size distribution. One current
school of thought is that the uniform pore size distribution can be obtained through colloidal processing
of monosize, spherical particles. However, it has been shown that colloidal processing always results in
the formation of multi-particle clusters. As a result, additional pores are formed between them. Furthermore,
these pores are modified by different consolidation methods. Thercfore, uniform sintering cannot be

expected, even though monosize, spherical particles are used.

In this study, it will be shown that the second generation pores play an important role in sintering
of powder compacts: that of controlling the sintering behavior of the entire powder compact. Also, it
will be shown that the addition of fine particles is not harmful to the sintering. Actually, it decreases the

sintering temperature of powder compacts. As a result, finer grain size is obtained.
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THESIS ABSTRACT

Polyelectrolyte Adsorption on a-Alumina and Aqueous Suspension Behavior
by

Joseph Cesarano 111

M.S. 198§

The surface chemistry and charge of polymethacrylic acid-Na™* salt (PMAA) and a-Al,0; in aqueous
systems were determined using potentiometric titrations. The adsorption of PMAA on a-Al,03 was
determined using first derivative plots of potentiometric titrations. It was dctermined that electrostatic
attraction between the PMAA and n-Al,0; was the driving force for the adsorption and that after a
complete monolayer of PMAA was adsorbed, clectrosteric stabilization of the suspension resulted. Using
this concept, a stability map relating the amount of PMAA necessary for stabilization vs. pll was formu-
lated. It was also determined that electrosterically stabilized systems have advantages over electrostatically
stabilized systems in that: (i) colloidal fluid suspensions of > 50 v/o are easily attained with monosize
particles of 0.3 um, and (ii) problems related to aging are reduced.
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THESIS ABSTRACT

Morphological and Crystallographic Characterization of B4C-Al Composites

by
Tahar Laoui
M.S. 1986

Transmission electron microscopy imaging, diffraction and spectroscopic techniques have been utilized
in characterizing the morphology and crystallography of B4C-Al metal matrix composites with ceramic
phase being the major component (> 70 v/o). Special emphasis has been given to the crystallographic
and compositional identification of a new phase present in the composite. This new phase, called X-phase,
is a major second phase besides boron carbide which forms during the processing of B4C-Al ceramic-metal
composite under controlled conditions, spatially depleting the Al phase and replacing it around the B4C
particulates. The X-phase has a hexagonal crystal structure with lattice parameters; a, = 3.5202 A, and
Co = 5.8204 A, as determined by X-ray diffraction and convergent beam clectron diffraction, and a
composition given by the approximate formula Al4BC as detcrmined by quantitative electron cnergy loss
spectroscopy by using B4C, Al4C;, and AIB, standards.
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The Sintering of Silicon Carbide with Liquid Aluminum
by

D.L. Milius

M.S. 1986

The purpose of this study was to investigate the feasibility of developing a lightweight, high fracture
toughness, and high hardness silicon carbide aluminum composite material with greater than fifty volume
percent particulates using conventional ceramic engineering techniques such as liquid phase sintering and
infiltration. In order to use conventional pre-firing processing techniques, particulates were used in this

| study. Silicon carbide and aluminum were chosen as constitucnts because of their low densities, cconomic
viability, and ready availability. In addition, prior success has been achieved with this system. Currently,
encouraging results have been obtained using non-conventional techniques such as hot isostatic pressing
and hot extrusion at low temperatures (less than 750°C) and high pressures (10 to 50 MPa).
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THESIS ABSTRACT

Microstructural and Fractographic Characterization of B4C-Al Alloy Composites
by

Gyeungho Kim

M.S., 1987

Microstructural and fractographic characterization were performed on B4C-Al 7075 ailoy cermets. The
composites were prepared by an infiltration method where metal constituted up to 50% by volume. The
distribution of the primary phases and the reaction products as well as their associated defects were analyzed
to determine their effects on the fracture and strength properties. By profiling the cracks on the matching
fracture surfaces, the presence of a restdual stress was recorded. The response of the microstructure to
fracture of B4C-Al alloy cermets which were subjected to high strain rate was studied by fracture surface
replica and by thin foil TEM techniques.
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Pressureless Sintering of Short-Fiber Reinforced Mullite

by
: Reiichi Yamada
! M.S., 1987

Mullite precursor powder which can be sintered into translucent densc (98%) ceramic body at 1250°C
in 2 hours, was used for the matrix of the composite material with short fibers. The sintcred density of
the mullite precursor powder compacts can be controlled by two processing factors. The pressurciess
sintering of the composite precursor powder with 7.2 volume % fibers resulted in 96% dense materiai
after a 1250°C heat treatment. The densification rates of the composites were slower and the final densities
of them were lower than the monolithic mullite. By relating the densification rate of the matrix of the
composite to that of the matrix ceramics without fibers, the densification behavior of the composite system
was numerically explained. The existing differential sintering models do not explain the expcrimental data.
Besides the powder processing, the gel forming technique was attempted to prepare the composite with
short fibers. However, microcracks were introduced during drying and the gel was not sinterable.
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