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Preface

Advanced ceramics and ceramic matrix composites are finding increasing
use in modern technological applications as ever more stringent demands are
placed upon material’s properties. This has led to a significant expansion over
the past two decades, in terms of research and development into optimising the
properties of these generally brittle and unforgiving materials. However, whilst
advanced ceramics and ceramic composites have many potentially useful proper-
ties, they can be extremely difficult to fabricate into usable artefacts. This has
resulted in an ever increasing emphasis being placed on advanced ceramic proces-
sing and technology.

As long ago as 1972 Stuijts emphasised the need for precise control of
microstructure as a means of achieving control of the properties of the final
component. This approach, which is strongly reflected throughout the current
book, must begin with the precursor powders and continue through to green
body formation and the densification of the body via some sintering mechanism.
Not only must accidental variations in the microstructure be avoided, but the
design of the microstructure must be optimised with the final application of
the component in mind—and then achieved.

This book, the first of two volumes, contains a series of independent chap-
ters, each focussing on a different aspect of ceramics processing. It is not in-
tended that these chapters should form a complete portfolio of all the possible
techniques currently available for fabricating ceramics; such an approach would
be more at home in a ceramics encyclopedia. Rather the aim is to offer the views
of leading experts as to the current state-of-the-art of a number of ceramics
processing options and, most importantly, the future directions which they see
their fields taking. The two volumes, then, are aimed at the materials engineer
who already has a grasp of the fundamentals underlying ceramic science and
engineering and who is now looking to expand his or her knowledge of proces-
sing techniques and their underlying philosophies.

vii
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For a number of reasons this text has been along time in the making and I
would like to extend my heartfelt thanks to all the authors (and the publisher)
who, without exception, have shown great patience. In particular, I should like
to thank those authors who met the original manuscript deadlines and then
found themselves, some time later, having to significantly update their chapters.
Finally, I should like to thank Pam and Elaine for their excellent help in typing
some of the incoming manuscripts.

This volume is dedicated to the memory of Professor Bill Knapp, former
member of the Department of Materials Science and Engineering at the Univer-
sity of California at Los Angeles. Originally to be Bruce Kellet’s co-author for
the first chapter, Bill was tragically killed in a hit-and-run accident whilst out
jogging one morning in late 1985. Bill was a very fine ceramist, but more impor-
tantly, he was a very special man.

Nottingham, England Jon G.P. Binner
June, 1990



Contents

1. ADVANCED PROCESSING CONCEPTS FOR INCREASED

CERAMIC RELIABILITY ... ... .. . . . i e nn 1
B.J. Kellett and F . F. Lange
1. Introduction. . . .. ... ... .. ... .. e 1
2. ProcessingMethods .. .. ........... ... ... ... .. ... 2
2.1 Glass-Ceramic Methods. . ... ... ... ... ... ... ....... 2
2.2 Gelation Methods . ... ........ ... ... ... ... ..., 2
23 PowderMethods . . . ............. ... ... ... ..., 3
3. Densification Concepts. . . ... ..... ... ... ... ieeo.... 7
3.1 Two Particle Concepts . . .. .... ... ... ... ... ... .. 7
3.2 Multiparticle Concepts . . . . .. ... oo v ittt it i, 8
3.3 Minimum Energy Configurations of Particle Arrays .. ... .. 10
3.4 Stability Conditions for Isolated Pores. . . ... .......... 14
3.5 Grain Growth and Densification. . ... ............... 17
3.6 Experiments Relating Grain Growth to Pore
Disappearance. . . ... ... ...ttt 21
. Colloidal Powder Processing ......................... 22
4.1 Heterogeneities Associated with Powder Processing . ... ... 22
4.2 Colloidal Methods for Preparing and Consolidating
Powders. . . .. ... . e 27
4.3 Consolidating Powders Consistent with the Colloidal
Method...................... e e 31
.Concluding Remarks ... ..............c0ivtiureien.. 34
References. .. ... .. ... ... . . .0 it iiniinenn. 35
2. PROCESSING OF SILICON NITRIDEPOWDERS .. .............. 39
S.C. Danforth, W. Symons, K.J. Nilsen and R.E. Riman
1. Introduction. . . . ..... ... ... . ... ... . i, 39
2. Experimental Procedure . . . . . . ... ... ... ... .. ... 44

Xi



Contents

2.1 Powder Synthesis and Characterization . . . ... ......... 44
2.2 Powder Dispersion. .. . ......... ... 45
2.3 Adsorbate Surface Studies. . . .. ... ....... ... . ... 45
2.4 Dispersion Properties . . ... ... ... ... .. .. . ... 46
2.5 Powder Consolidation . ......................... 46
2.6 HIPIng. .. ... .. .. i i 46
3. Resultsand Discussions . . ... ..... ..., 47
3.1 Powder Synthesis and Characterization . .. ............ 47
3.2 Surface Chemistry of Unexposed and Exposed Powders . . . .49
3.3 Imidazoline-Si;N,; (Exposed and Unexposed) Surface
Chemistry ... ... ... ...t it it ittt 53
3.4 Dispersion Properties. .. ......... ... ... ... ..., 56
3.5 Processing . .. .. .. ... e 57
3.6 Powder Activity . . ... ... .. ... ... 58
3.7 Hot Isostatic Pressing (HIPing). . ... ................ 61
4, Summary and Conclusions . ... ............c.c0cetuan.. 65
References. . . .. ... ... ... 0 i 67
3. WET FORMING PROCESSES AS A POTENTIAL SOLUTION TO
AGGLOMERATIONPROBLEMS . ... ... ..... ... .. 73
A.O. Boschi and E. Gilbart
1. Introduction. . .. ... ... ... e 73
2. The Green Microstructure., . . ... ... ... ... ............ 74
3. Origin and Nature of Agglomerates. . . .................. 77
4. Development of the Green Microstructure . . . . .. ... ....... 79
4.1 The Development of the Green Microstructure in Dry
Pressing . . ... .. i e e e e e 79
4.2 The Development of the Green Microstructure in Slip
Casting . ... ... i e 81
5. The Forming Process and Green Microstructure Homogeneity . . . 83
6. Experimental Procedure . . . ... ... ... ... .. ... .. .. ..., . 83
7. Resultsand Discussion . . . . . .......... ... .. ..., 84
8.Conclusions . . ...... ... ... ... e e 91
References. . . .. ... ... . . ... . . i 92
4. PROCESSING OF ELECTRONICCERAMICS . . .. ............... 95
D. Cannell and P. Trigg
1. Introduction. . . . . ... ... .. i i i e 95
2. Powder Preparation . . .. .......... .. ... ... .. . .. 98
3. Mixingand Milling. . ... ...... ... ... . . i i, 100
S ) " 1V 102
5.DryForming . ... ... ... ... . ... . . ... .. 104
6. Tape Casting. . . . ... ... ... .. ittt 108
T.8lpCasting .. .. ... .. ... .. ittt 111
8. AdditiveBurnout . .. ... ... ... ... .. i 112
9. Further Processing of Ceramic Tape . ... ............... 114
10. Sintering . . . ... ... ... e e e 116
11, Finishing . . . . . ... i i e e i e e i e e 117



Contents  xiii

References. . ... ... ... ... i i 120
5. PROCESSING OF CERAMICCOMPOSITES . ... ............... 123
R. Rice

1. Introduction., . . . . ... ... .. . e 123

2. Overview of Composite Mechanisms/Microstructures and
Processing .. .. .. ... ... . e e e 125
2.1 Mechanisms/Microstructures . . ................... 125
2.2 Composite Processing. . ... ........ ... ... ....... 132
3. Powder Based Methods. . .. ... ........... ... ... ... 134
3.1 Sintering . .. ... ... e e 134
3.1.1 Sintering of Particulate Composites. . . . ... ...... 136
3.1.2 Sintering of Fiber Composites . . . .. ........... 153
3.2 Hot Pressing, HIPing, Hot Forming . . . ... ........... 155
3.2.1 Particulate Composites. . ................... 155
3.2.2 Whisker Composites. .. .................... 162
3.2.3 Fiber Composites ... .. ... ... ... ... ... 165
3.3 Reaction Processing. . ... ... ... ... ... ... ... ..., 173
4. Non-Powder Based Methods ... ..................... 179
4.1 Polymer Pyrolysis . . ... ... ...... ... . .. ... ... 179

4.2 Chemical Vapor Deposition/Chemical Vapor
Infiltration. . . . ... ... ... ... ... . ... . . ... 182
43 Melt Processing. . ... ... ... ... ... 189
5. Summary, Needsand Trends . . .. ... ................. 194
References. . . ... .. ... .0 ittt 198
6. INJECTION MOULDING OF FINE CERAMICS. . ............... 215
J.R.G. Evans

1. Introduction. .. . ... ... ... ... ... . . e e 215
2. Compounding. .. ... .... ...t ter et 217
3. Mixing Devices .. . .. .. i it i e e e e 218
4, Particle Surface Modification. . . . ... ................. 223
5. Fillingthe Cavity. . .. .... ... ... ... ... . ... ... .... 225
6. Formulation of Moulding Compositions, . ... ............ 231
7. SolidificationintheCavity ... ... ........ ... ....... 234
8. Removal of Organic Vehicle . .. ... .................. 239
9. Conclusions . . ... ... ... ... e 245
References. . . .. ... .. ... . it 246

7. ELECTROPHORETIC DEPOSITION AS A PROCESSING ROUTE
FOR CERAMICS . ... .. . i e e i i e et e iee 255
S.N. Heavens

1.
2.
3.

Introduction. . .. .. .. ... ... . . . i e 255
Applications of Electrodeposition. . .. ................. 256
Fundamentals of Electrodeposition . . ... .............. 257
3.1 Definitions. . . .. ... ... .. 257
3.2 Originsof Charging ... ................. 0 ...... 258

3.3 Conditions for Electrophoresis. . .. ................ 259



xiv  Contents

3.4 Electrophoretic Yield. .. ... ..... ... 261
3.5 ZetaPotential .. .. .. ..... ... ... . i 262
3.6 Practical Considerations . . . .. ................... 263
4, Examples of Working Systems . . . .. ... ............... 264
4,1 Aqueous SUSPENSIONS . . . . . v it ittt e 264
4.2 Non-Aqueous Suspensions. . . .. .........ooviunu.. 266
4.3 Design of Electrophoretic Apparatus. . .. ............ 267
5. Applications Developed to Pilot Plant Scale .. ... ... ... ... 268
5.1 Continuous Clay Strip Forming . . .. ............... 268
5.2 Beta"-AluminaTube .. ...........ovtinrnennn.. 270
6. Conclusion. . . ... ... .. ittty 274
References. . . ... .... ... . ... i, 275
AppendiX. . . .. ... e e e e 281
8. MICROWAVE PROCESSING OF CERAMICS . .. ............... 285
A.C. Metaxas and J.G.P, Binner
1. Introduction. . . ... ... ... . i e e e 285
2. Fundamentals of Microwave Heating. . .. ............... 286
2.1 Dielectric Loss Mechanisms . . . ... ................ 286
2.2 Total Current Density .. ....................... 292
2.3 Equivalent Circuit Presentation . .................. 293
3. Dielectric Properties. . . .. .. .. ... ... .. ... 296
31 General Data . ............. .00t mnnnnan, 296
3.2 Temperature Effects . .. ............ ... . ...... 301
33 Thermal Runaway .. ........... v iennnnn. 304
3.4 Purity and Microstrueture . . .. ................... 306
35 WetCeramics . . ...... ...ttt 308
4, Development of the Basic Theoretical Concepts .. ......... 310
4.1 Electric Field Distribution. . . . . ... ... ............ 310
4.2 Power Dissipation Within the Ceramic. . ............. 312
4.3 Attenuation Constant and Skin Depth. ... ........... 313
44 Power Penetration Depth . . ... .................. 314
5. Applicators . . . ... ... .. e e e e e 315
5.1 Introduction. . .. ....... ... ... i 315
5.2 Travelling Wave Applicator ... ................... 317
5.3 Single Mode Resonant Applicators . . . ... ........... 320
54 Multimode Applicators. . ... ..... ... ... ... ... ..., 322
6. Heat Transfer . . . . ... ... .. .. .0t inerennnns 324
6.1 HeatingRates. ... ...... ... ... ... 325
6.2 Temperature Distribution . . . . ... .. .............. 325
6.3 Temperature Measurement . ... .................. 329
7. Applications. . .. ... ... ... ... .. ... i 331
7.1 Introduction. . .. ... ... ... ... . i 331
T.2 DIying. .. .ottt i e e e e e 333
T.21 Theory . ...ttt ittt ettt it ie e 333
7.2.2 Microwave Drying . . . ... .................. 335
7.2.3 Dryingof Powders. . . ..................... 339

7.3 SlipCasting ... ..... ...t 340



Contents xv

731 Theory .. ... i ittt it 340
7.3.2 Microwave Assisted Slip Casting. . .. ........... 341

T4 Caleining . . . . . ... .. . e e 343
7.5 Sintering . .. ... . L e e e 344
751 Introduction. . .. .......... ... .. ... 344
7.5.2 Ceramic Systems Studied ... ................ 345
7.5.3 The Useof Susceptors ...............co0.... 351
7.54 The Useof Additives . . ... ................. 353
7.5.5 The Use of High Frequencies. .. .............. 354
7.5.6 Non-Thermal Effects . . .................... 3565

76 doining . . ... ... . .. . e e e 355
7.7 Plasma-Based Processing . . . ..................... 358
8.Conclusions . . ... ... ... . ... e 360
References. . ... ... ... . .. ittt 362

9. THIN FILM DEPOSITION PROCESSES FOR ELECTRONIC AND

STRUCTURAL CERAMICS . . ... ... . it et ene e 369
R.C. Budhani and R.F, Bunshah

1. Introduction, . . .. ... ... ... ... e e 369

2. Atomistic Deposition Processes . . . ... ................ 372

2.1 Physical Vapor Deposition (PVD) Processes . . . ... ..... 372

2.1.1 Evaporation Processes . . .. ................. 372

2.1.1.1 Reactive Evaporation . ............... 374

2.1.1.2 Activated Reactive Evaporation. . ...... .. 375

2.1.1.3 Ion Plating Processes . . . .. ............ 379

2.1.2 Sputter Deposition Processes. . .. ............. 380

2.1.2.1 Reactive Sputtering Process . ... ........ 382

2.1.2.2 Ion Beam Sputtering................. 388

2.1.2.3 Laser Assisted Vapor Deposition Processes . . . 388

2.2 Chemical Vapor Deposition Processes . . . ............ 390
2.2.1 Thermally Assisted Chemical Vapor Deposition

Processes . .. ........v it 390

2.2.2 Plasma Assisted Chemical Vapor Deposition. ... ... 392

223PhotoCVD . .. ... ... e e e 393

224 Spray Pyrolysis .. . . ... ..o e 393

3. Microstructure and Crystallinity of the Deposits . . . ... ... .. 394

4. Stress and Gaseous Concentration. . . .................. 398

5. Recent Developments. . .. ......................... 400

6. Concluding Remarks . . ... ... ... ... .. ... 401

References. . . . ... ... ... ... . ... ... 404



1

Advanced Processing Concepts for
Increased Ceramic Reliability

x*
B.J. Kellett T and F.F. Lange

1 Ecole Polytechnique Federale de Lausanne, Department
des Materiaux, Laboratoire de Ceramiques, 34 ch. de
Bellerive, CH-1007 Lausanne, Switzerland.

* Materials Department, College of Engineering,
University of Califormia at Santa Barbara, Santa
Barbara, CA 93106, USA.

1. INTRODUCTION

Man's skill in processing functional ceramics dates back many millennia,
preceding the introduction of more formable and less brittle materials, viz.
metals, that have since received more economic, technological and scientific
attention due to their deserved engineering importance. Ceramic materials,
with their multiplicity of elemental combinations and structural
arrangements, produce a multitude of unique properties, which are still being
uncovered. Today, advanced ceramics are finding potential applications
ranging from advanced heat engines to communication and energy transmission
and they are emerging as the leading class of materials needed to implement

many advanced technologies.

Engineering implementation of advanced ceramics is still hindered by
their formability and brittle nature; however ceramic processing technology
has advanced 1ittle beyond the needs associated with functional, traditional
ceramics. Such traditional approaches inherently lack a clear methodology
for controlling microstructural heterogeneities and uniformity. This lack
of processing control leads to property variability and consequent uncertain

engineering reliability.



2 Advanced Ceramic Processing and Technology

The objective here is to review new approaches to powder processing
that minimize heterogeneities common to this 'many bodied' problem. The
review will start by outlining other approaches to ceramic processing. New
thinking concerning densification will set the stage for discussions
concerning new approaches to powder preparation and consolidation that
emphasize the colloidal approach.

2. PROCESSING METHODS

Although powder methods dominate ceramic forming, ceramics can also be
formed by glass-ceramic and gelation methods.

2.1 Glass—Ceramic Methods

Glass-ceramic methods can be used for compositional systems with
relatively small free energies of crystallization (e.g. silicates) so that
solidification occurs before crystallization. Direct crystallization from
the melt must be avoided because very large grains result which produces a
relatively friable material. Shapes are formed by conventional high
temperature glass processing to take advantage of Newtonian rheology.
Crystallization s induced by a two-step nucleation/growth process at
moderate temperatures; however complete crystallization is rarely (if ever)
achieved. Hence ceramics produced by the glass-ceramic method contain a
residual glass phase which degrades the mechanical properties at high
temperatures. Ca‘lcu'lations“‘z) suggest that residual glassy pockets within
a polycrystalline material can be thermodynamically stable. Many advanced
structural ceramics (e.g. silicon nitride and carbide) decompose before
melting, whereas others crystallize too readily for use of this method. The
glass-ceramic process is thus limited to materials that melt and do not

readily crystallize.

2.2 Gelation Methods

Gelation methods are analogous to the glass-crystallizatjon method in
that processing starts with a metastable system. With this method, soluble
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metal-organic precursors are 'gelled' (e.g. hydrolysis of alkoxides). After
the liquid is removed, organic residuals are removed by heat treatment
preceded by crystallization and densification. Unlike the glass-ceramic
method, compositions are not restricted to those that are glass formers at
high temperature, viz. crystallization is induced by heating and not cooling.

One of the major attributes of the gelation method is that multi-
element, metastable systems (intimately mixed at the molecular level) can be
produced at Tow temperatures. Phase partitioning from these metastable
systems can be used to control microstructures by heat treatment at higher

temperatures.

Removal of the liquid is one major limitation of the gelation method.
Capillary pressure causes the low density network to shrink during dryi ng(3).
Shrinkage initiates at the surface and generates stresses that usually cause
the drying system to break apart into small granules (analogous to the mud
crack pattern observed on a drying lake bed). The shrinkage stresses can be
reduced by extremely slow drying to produce sound, monolithic bodies, but
these drying periods (of the order of weeks) are not practical. Surface
tension and thus capillary pressures on the network can be completely
eliminated by removing the fluid phase at temperatures and pressures above
the fluid's critical point (i.e. super critical drying)(4). Super critical
drying (used for more than 40 years to produce aero-gels) results in very low
density networks (relative densities <0.2) and thus a large degree of
shrinkage occurs during heat treatments that produce crystallization and
densification. Low densities and hence large shrinkages are the second major
drawback of the gelation method. A third, but lesser problem is the
elimination of the organic radicals bound to the polymer networks which must
be carefully controlled to avoid gas entrapment, etc. These limitations

become greater with component size.

Gelation methods are generally limited to the processing of thin films,
fibres and powders.
2.3 Powder Methods

Powder methods are used to fabricate most advanced ceramics. They

involve powder manufacture, preparation of the powder for consolidation,
consolidation of the powder into a shape and densification (elimination of
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the void phase). Post-densification heat treatments can develop specific
microstructures to optimize certain properties.

Although powder methods are much less restrictive than those discussed
above, its 'many-bodied' nature makes it prone to heterogeneities. One of
the major causes of these heterogeneities is the powder itself. Nearly all
current powders are agglomerated, i.e. groups of either weakly or strongly
bonded particles. Agglomerates pack together during consolidation to produce
compacts with differentials in packing density leading to poor densification
and the formation of crack-1like voids which can be a major strength degrading

flaw popu]ation(s).

It is common practice to reduce agglomeration size by attrition milling.
Studies(s) have shown that milling has a low probability of eliminating all
agglomerates. It also introduces contaminates and large inclusions not
acceptable for the fabrication of reliable, advanced ceramics. Various
organics can be added as helpful binders and/or lubricants during
consolidation. For rheological consolidation methods (e.g. slip casting,
tape casting of thin sheets, extrusion and injection moulding), the non-
volatile residual polymer content of the system can be between 40 and 50
volume percent. Elimination of this polymer (e.g. through pyrolysis) is not
only time consuming (days) but can also produce disruptive phenomena.

The most common method of consolidating powders is via dry pressing in
which forces are applied to powder contained within a die. Since dry powders
are naturally agglomerated and the consolidation of agglomerates must be
avoided to produce reliable ceramics, this technique 1is undesirable. In
addition, since dry, fine powders do not flow to uniformly fill pressing
dies, powder slurries with polymer additions are currently spray dried to
produce large, flowable particles (>50 um agglomerates). These massive
particles (agglomerates) produce larger separating forces due to differential
acceleration which can overcome attractive (e.g. Van der Waals) forces during
flow. Thus, although spray drying is helpful in producing a flowable powder,
it can introduce large agglomerates and thus produce large crack-like voids

during densification.

Powders are also consolidated from slurries. Current methods include:
filtration (slip casting), electrophoresis, evaporation (casting of thin
sheets, i.e. tape casting), extrusion and injection moulding. Although these
slurry state consolidation methods are adaptable to new colloidal methods
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discussed below, each has limitations concerning kinetics, shapes and/or

polymer content.

New consolidation technologies must emerge from basic scientific
reasoning. As discussed below, colloidal methods of preparing agglomerate
free powder must be combined with new slurry state consolidation methods
based on the basic understanding of how particles rearrange under the action
of both applied and interparticle forces, i.e. basic rheology studies of
highly filled slurry states are required.

Powder compacts are made dense by heat treatments at temperatures where
mass transport can occur to eliminate the void phase. Densification is
driven by the free energy decrease associated with the powder's surface area.
Differential surface curvature causes mass to 'fill' the contact region
between touching particles. This process, known as sintering, has been
extensively studied for the case of two touching particles. Liquid phases,
produced by reactions between different constituents in the powder (e.q.
impurities, added sintering aids) can aid mass transport. Quoting Rhines(7):
"..sintering is one of the major processes in nature that is provided by such
processes as the flow of liquids and solids, phase changes, and so on. When
we know enough about sintering we will greatly enhance our understanding of

all of nature."”

Sintering theories concerning two contacting particles have been applied
to predict the densification behaviour of powder compacts. Despite our
extensive theoretical knowledge concerning two particle systems, Exner(s)
summarizes his review with the statement, "The quantitative understanding of
sintering processes is still very incomplete in spite of the great number of

experimental and theoretical investigations.”" It is thus understandable why
fabricators of today's advanced ceramics pay little attention to theory, but
instead, use an Edisonian approach to find the right conditions (temperature,

time, sintering aids etc.) to manufacture dense ceramics.

Current theories do not consider the effect of particle packing
structure (i.e. bulk density) on sintering behaviour. Particle packing is
a major process variable. One example concerning the inconsistency of theory
and reality concerns the theoretical result that densification kinetics
should increase with decreasing particle size. Common experience indicates
that powders with a very small crystallite size (e.g. <0.1 um) can be very
difficult to pack and densify. It is now commonly accepted that strong,
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partially sintered agglomerates, common to the chemically derived powders
that make up powders of very small crystallite size, are the main reason for

poor sinterability.

Rhodes(g) was the first to report empirical relations between
agglomerates and sinterability. He showed that the density achieved by a
fixed heating schedule was inversely proportional to the agglomerate size.
When combined with other studies, these results suggest that particle packing
has a great influence on densification. Mounting evidence suggests that the
two particle models, which lack pores, are insufficient. It must be
concluded that since the practical aim of densification is to rid the powder
compact of its void phase, the void phase produced by particle arrangement
must be studied along with the mass transport produced by the particles.

Microstructures that control properties are primarily developed during
densification; post-densification heat treatments can be used to develop
specific microstructures to optimize a specific property. In all cases the
average microstructure and heterogeneities within the microstructure are a
direct consequence of all processing stages starting with the chemistry and

characteristics of the powder.

Most advanced ceramics are not single phase materials. Processing aids
are added to improve densification (but may also produce unwanted second
phases), control microstructure and produce desired properties. Thus,
powders used to fabricate advanced ceramics may contain more than one powder
phase, presenting the problem of phase homogeneity during powder preparation.
Control of phase homogeneity in powders is critical in controlling reaction
kinetics during densification and phase homogeneity in the dense material.

Grain size distribution and morphology are related to a variety of
processing variables. It is known that second phases, introduced and
distributed during powder preparation, can be used to control grain size and
abnormal grain growth; distribution of the second phase is critical to grain
size distribution(10).

It is well known(11) that the high fracture toughness of polyphase
silicon nitride materials is due to its fibrous grain morphology. This
morphology is developed during densification; the aspect ratio and diameter
of the fibrous grains can be controlled by the phase content and particle
size respectively, of the starting powder(12). If one knew why Si3N4
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develops a fibrous microstructure, one might develop similar tough
microstructures in other materials. These and other correlations have 1ittle
or no basic understanding and thus are not intentionally used in either

designing new materials or in processing advanced ceramics.

Microstructural heterogeneities are introduced during processing. These
heterogeneities include: crack-like voids produced by the differential
sintering of agglomerates, abnormally large grains, inorganic inclusions that
produce residual stresses during cooling, organic inclusions that produce
irregular shaped voids, non-uniformly distributed second phases, etc. It is
now recognized that each type of heterogeneity is a potential strength
degrading flaw population. That is, a ceramic component will contain many
different flaw populations, each related to a different type of heterogeneity
introduced during some stage of processing. Inadvertently, the processor
introduces a variety of flaw populations that 1imit the potential strength
of the product. Slight changes in processing variables can, unknowingly,
produce the same material with a different set of flaw populations and thus,
what appears to be the same material with different strength statistics. New
processing methods with a high probability of either controlling and/or
eliminating microstructural heterogeneities must be developed to ensure

structural reliability.

3. DENSIFICATION CONCEPTS

3.1 Two Particle Concepts

Traditional sintering theories are based on the kinetics of mass
transport motivated by differential surface curvature as described by the
Gibbs-Kelvin equation:

W= YsQ(1/r1 + 1/r2) 1

which relates chemical potential (u) to local surface curvature, expressed
by the principal radii of curvature ™ and ry at the contact region between
two particles. the surface energy per unit area \(,v§,),. and the atomic volume
(Q). A powder compact lowers its free energy by promoting mass transport to
particle-particle contact regions (as has been described in all sintering
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theories) and to larger particles causing particle coarsening, i.e. grain
growth. Since the free energy decrease attributed to grain growth is usually
significantly less than that for neck growth, most researchers have neglected
the effect of grain growth on densification. As discussed below, the
interaction of grain growth and neck growth leads to new and interesting

conclusions,

Experimental evidence of neck growth was first demonstrated by
Kuczynski(13), who in 1949 sintered large polycrystalline particles onto flat
polycrystalline substrates. Theories, based on a two sphere model (each a
single crystal), were developed to determine the rate of neck growth and the
rate at which particle centres approach one another. These theories conclude
that the rate of neck growth is inversely proportional to particle size
raised to a power that depends on the mass transport path. Many mass
transport paths were subsequently considered, bulk diffusion, surface
diffusion, grain boundary diffusion, viscous flow, evaporation-condensation,
1iquid solution-reprecipitation, and dislocation motion (see reference 8 for

a review).

Sintering theories based on the neck growth between two particles were
used to explain the initial sintering of powder compacts. As necks grow, the
morphology of the compact changes from one of touching particles and
interconnected porosity to one of (closed) pores. Many theories have also
been developed for the closed pore (final) stage of densification. These
theories predict that pores, assumed to be spherical and located at 2 and 3,
or 4 grain Jjunctions, continuously shrink at a rate controlled by the
kinetics of either volume and/or grain boundary diffusion.

3.2 Multiparticle Concepts

Studies performed on the packing of monosized spheres have shown that
particle packing rarely results in periodic arrangements as implied when two
particle neck growth models are applied to the initial sintering stage of
powder compacts. The random, dense packing of monosized spheres has been
reviewed by Frost(14) as an arrangement of different, irregular polyhedra
consisting of a 'pore' surrounded by touching spheres (particles) at the
vertices. The structure of the powder compact is formed by the polyhedra
joined at faces, edges and corners. The number of touching particles define

the pore's coordination number; as shown below this is an important physical
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property which helps to define the thermodynamic stability/instability of
pores within polycrystals.

It was first pointed out by Cob1e(15), and later in more detail by
Kingery and Francois(16). that isolated pores found in the latter stage of
sintering can only be spherical if they reside within a single grain of
isotropic surface energy. As shown in Figure 1, the surface of a pore
curvature 1is controlled by the dihedral angle and the number of the
surrounding grains, i.e. its coordination number. Kingery and Francois
concluded that a pore would either grow or shrink depending on whether its
curvature is either concave or convex (as viewed from within the pore),
respectively. In an unpublished draft, Cannon(”) discussed the consequences
of mass transport between pores and grain boundaries to conclude that,
depending on the dihedral angle, highly coordinated pores shrink to
equilibrium size, whilst pores of lower coordination shrink and disappear.

Hoge and Pask(w), in earlier work, reached a less specific but similar
conclusion concerning pore stability by determining the Towest free energy
configuration developed by three dimensional periodic arrangements of spheres
(i.e. cubic, face-centred cubic, body-centred cubic, etc.). They showed that

ne =12 n =3

WITH GRAIN GROWTH ~——=

Figure 1: Illustration of pore curvature as the coordination number
decreases.
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an equilibrium periodic structure of interpenetrating spheres can develop
without complete densification. Although Hoge and Pask did not develop a
general criterion for pore closure, they were the first to suggest that,

under certain conditions, equilibrium pores may exist.

3.3 Minimum Energy Configurations of Particle Arrays

To further address the effect of particle packing on sintering behaviour
and to develop a more general relationship between pore coordination number
and pore stability, Kellett and Lange“g) determined the minimum energy
configuration of symmetric particle arrays containing a single pore.
Particle energy was determined by summing the energies associated with the
particle's surface area (As) and grain boundary area (Ap):

E = Agyg + Agyp 2

where Ys and Yp are the energies per unit area associated with the surface
and the grain boundary respectively and are assumed to be isotropic. Young's
equation was used to relate Y and Yb with the dihedral angle, ¢e’ viz. cos
tbe/2 = yb/ZYS. The minimum in the free energy function (dA /dA; = -2cos
¢e/2) was used to determine the equilibrium configuration of the array.

Arrays composed of identical symmetrically arranged particles do not
experience a driving force for interparticle mass transport, i.e. no one
particle grows at the expense of another. It was therefore assumed that
particles conserve their mass to produce multi-particle equilibrium
configurations by only intraparticle mass transport. The case for an
infinite linear array of identical touching cylinders, with an initial radius
ri is shown in Figure 2. It is assumed that centres approach one another
as cylinders penetrate one another. The interpenetrated mass is uniformly
redistributed over each cylinder to increase their radii (r) during
interpenetration. Using the geometrical variables shown in Figure 2b and
equation 2, the energy per unit length of cylinder, normalized by the initial
energy (aniys). was determined as a function of three variables, viz. the
contact angle (¢) (angle formed where the surface tangents meet the grain
boundary), the dihedral angle, and the normalized radius (R = r/ri). It can
be shown“g) that the energy per unit length of cylindrical particle can be
expressed as:
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(a)

(b)

=

Ve

{c)

Figure 2: a) Initial, b) generalized and c) equilibrium configuration of a
linear array of cylinders.

$ $
n-¢ 1c052—e 1 R cosz—e

E = 2nr_y 1 -— R+}—+—sind 3
s n 2 cos-% R = cos-%

1 is determined by minimizing particle energy with

The equilibrium structure
respect to the geometrical variables ¢ and R (assuming constant dihedral

angle (¢)), i.e.
SE/6p = SE/ER = O 4

Solving these equations (for constant particle volume) it can be shown that
the configuration of minimum energy occurs when:

1 1t can also be shown that the second derivative is >0, as required for a
minimum energy condition.



12 Advanced Ceramic Processing and Technology

b= ¢ 5a
R = [n/(n - ¢y + sing )] 5b

The equilibrium structure is shown in Figure 2c. Figure 3 illustrates the
particle energy (per unit length of cylinder, normalized by its initial
energy, aniys) as a function of the contact angle ¢. As shown, the energy
per particle exhibits a minimum when the contact angle is equal to the
dihedral angle. Also, larger dihedral angles result in a larger free energy
decrease. The same conclusions are reached with arrays formed with
spheres(19).

For the calculations discussed above, particle centres were allowed to
approach one another (e.g. mass transport paths involving grain boundary
and/or volume diffusion). Similar calculations can be performed for the case
where the particle centre distance remains unchanged (e.g. mass transport
paths involving evaporation-condensation and/or surface diffusion). It can
be shown(19) that the minimum energy achieved for both centre approach and
fixed centre distance is nearly identical for dihedral angles $100°, and the
centre approach case becomes increasingly favourable with increasing dihedral

11 T T T T
DIHEDRAL ANGLE, yq = 60°

1.0

0.9

z’lﬁy,

0.7

0.6

)
¢t
1+
¢

0 1 1 1 1 1
(o] 30 60 90 120 150 180

CONTACT ANGLE, ¢ (degrees)

Figure 3: Normalized particle energy per unit length of cylinder as a
function of the contact angle () for different dihedral angles (¢e).
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angles. This result suggests that much of the excess energy needed for
densification via particle centre approach may be dissipated if the initial
mass transport path favours evaporation-condensation and/or surface
diffusion. This is relevant to ceramic processing since it is generally
believed that evaporation-condensation and surface diffusion may dominate at
Tow temperatures, i.e. during them initial heating to sintering temperatures.

Closed arrays that contain a single pore better represent conditions
within a powder compact. The pore within the array is defined by the number
of coordinating particles (pore coordination number, n) and its size (Rp)
defined as the radius of the circumscribed circle (or sphere) as shown in

Figure 4.

Using the same method defined by equation 2, the energy per particle
can be calculated for rings of cylinders, rings of spheres and polyhedra
formed with spheres(19). The energy per particle for the ring array formed
with identical cylinders is plotted in Figure 5 as a function of the pore
size for pores coordinated by 5, 10 and 20 particles with a dihedral angle
of 150°. As shown, larger coordinated pores shrink to an equilibrium size,

CENTER
OF MASS CENTER OF
CURVATURE

(a)

Figure 4: Schematic of a ring of cylinders (or spheres) of coordination
number, n = 8. a) Initial configuration, and b) intermediate (or final)
configuration as ¢ - ¢e.
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Figure 5: Normalized particle energy per unit length of cylinder, as a
function of pore radius.

whilst others disappear. It can be shown(19) that a critical coordination

number exists (n, = 2n/(n—¢e)) such that when n > n the pores are

c!
thermodynamically unstable and will disappear. The same conclusions can be

reached for rings of spheres and polyhedra formed with spheres.

3.4 Stability Conditions for Isolated Pores

The change in free energy of an isolated pore within a large, but finite

body can be determined with respect to its volume change, de, in a similar

manner as described above(zo) :

dE/dV,, = vg[dAS/dV,, + 2(dAp/dV,)cos(6e/2)] 6

As shown in Figure 6, the exterior dimension of the cylindrical body is
described by Rext and contains pores surrounded by identical grains.

As detailed e'lsewhere(zo), it can be shown that:
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Figure 6: Schematic of two isolated pores with different surface curvatures
within a finite polycrystalline body.

Concave pore, n<n,

E/y
Pore Volume

>

Convex pore, n>n .

Figure 7: Energy of isolated pores vs pore volume for n > nc and n < n..



16 Advanced Ceramic Processing and Technology

dEp/dVp = —ys/rp 7
where "o is the radius of curvature of the pore's surface.

Appropriately, equation 7 is the Gibbs-Kelvin equation. The free energy
of a pore is schematically illustrated in Figure 7 as a function of its
volume. This figure suggests that pores with convex surfaces decrease their
energy by growing, and pores with concave surfaces decrease their energy by
disappearing. These conclusions, 1initially reported by Kingery and
Francois(16). are however incorrect since one must also include the free
energy change of the body's external surface before drawing conclusions

concerning pore stability/instability conditions.

If mass is transported from the external surface to the pore then the
external surface will contract decreasing both surface area and grain
boundary area. The differential energy change in the external region (dEe)

with volume change (dV) is:
dEe/dV = Ys[dAs/dV + 2(dAb/dV)cos(¢e/2)] 8
Using the geometry shown in Figure 6, it can be shown that(zo):
dEe/dV = —ys/re 9

Since the exterior surface curvature is always positive, the exterior surface

energy always increases with increasing volume.

If we assume that the change in pore volume is equal to the change in
specimen volume (de = dV), then the total change in system energy with

respect to pore volume is:
dEt/dV = Ys(1/re - 1/rp) 10

(the sum of equations 7 and 9), and is a function of both the curvature of

the pore and the grains on the external surface.

As shown in Figure 7 concave pores (rp < 0, n < n.) increase their
energy with pore volume, implying that these pores will continuously shrink
or disappear, mass transport permitting. Convex pores (rp >0, n> nc) will
either shrink or grow depending on the relative curvature values, i.e. when
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Te > Tp pore growth decreases system energy and for re < rp pore shrinkage

decreases system energy. Equilibrium (dEt/dV = 0) occurs when:
r.=r 11

suggesting that pores with convex surfaces (n > nc) will be stable when their
curvature equilibrates with that of the exterior surface.

Equating the curvature of grains on the surface to the grain size, D,

(see Figure 6):
re = D/[2cos(¢e/2)] 12

it can be shown that at equilibrium, the pore size is dependent on the grain

size and the pore coordination (n):

Equation 13 shows that when n -» ne = on/(n - ¢e) the pore disappears (Rp -
0) and when n > ne the pore is stable with a finite size (Rp >0).

3.5 Grain Growth and Densification

With these new ideas in mind, it may be conc]uded(21) that grain growth,
which is expected to reduce the pore coordination number of stable pores, may
be both desirable and necessary for complete densification. As evidence,
grain growth has been observed during all stages of densification. For

(22) observed grain growth in very porous alumina

(23)

on Cu, A1203. BeD and Zn0 to show that grain size increased linearly, though

example, Greskovich and Lay
compacts containing 70% void space whilst Gupta analyzed previous data
very slowly, with density until the latter reached 90% of theoretical. At
these higher densities the grain size increased very rapidly. With the
hypothesis that grain growth (or coarsening) during densification must be
linked to the densification process ditself, both a theoretical and
experimental study are required(24); the first task being to determine how
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grains coarsen within a partially dense network.

If the assumption is made that the initial particles within a compact
are spherical, but differ in size, then it may be reasoned that, because of
their different radii, a driving force exists for interparticle mass
transport (i.e. coarsening or grain growth) as well as for intraparticle
transport to the region where the particles contact (i.e. sintering). It may
be further assumed that because i) the differential surface curvature between
the contact region and either adjacent, touching particle is much greater
than that between the particles themselves, and ii) because the diffusion
distance required to increase the contact area could be much smaller than
the average diffusion distance between the particles, neck growth (sintering)
will initially dominate mass transport phenomena relative to interparticle
mass transport (coarsening). Thus, although sintering and coarsening are
concurrent phenomena, it may be assumed that sintering occurs first, followed
by grain growth.

Figure 8 illustrates the sintering and coarsening of a three particle

array where the smaller particle is sandwiched between two identical, larger
particles. Sintering without interparticle diffusion (each particle retains

OO ged
(a) {b)

¥=20q-

DD

Figure 8: Configurational changes produced during sintering and interparticle
mass transport for three co-linear particles. Note that disappearance of
smaller grain (c) reinitiates sintering.
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their initial mass) results in the configuration shown in Figure 8b. It can
be shown(24) that this is the configuration where sintering between the three
particles 1is complete, i.e. where the driving force for neck growth has
diminished to zero. Note that the grain boundaries exhibit curvature because
of the different radii of adjacent particles. In dense materials, grain
boundaries will move toward their centre of curvature by very short range
diffusion (hopping of atomic species across the boundary). However, the
grain boundaries shown in Figure 8b can not simply move as they would in a
dense material without increasing their area and thus the free energy of the
particle array. That is, if either of the two boundaries were to move into
the smaller grain they would increase their area and encounter an energy

barrier for further motion.

Once interparticle mass transport is 'turned on’, the smaller grain
shown in Figure 8b will decrease its size as the size of the two adjacent
grains increases. During this period it is assumed that the dihedral angle
is maintained between the grain boundary and the surface of the particle.
The atom movement will eventually lead to the configuration shown in Figure
8c, where the two larger grains now touch one another and the grain
boundaries (shown by broken lines) that still define the smaller particle
move together and decrease their energy to form a single grain boundary
(solid line). Up to this configuration, boundary motion without changes in
the surface configuration will always be impeded by an energy barrier. For
this reason, one might conclude that grain boundary motion in a partially
dense network will be constrained by the surface configuration and that grain
coarsening will require interparticle mass transport. It can then be
reasoned that longer range, interparticle mass transport might govern grain
growth in a porous material whilst much shorter range transport governs
boundary motion after densification. This reasoning is consistent with the

observations of Gupta(23).

The relation between grain growth and densification first became obvious
by recognizing the implications of Figure 8c. If it is assumed that the two
grains in the figure are identical, interparticle mass transport is
terminated once the sandwiched, smaller grain disappears. Of significance
is the fact that once the two larger particles touch one another the angle
between the grain boundary and the surface is less than the dihedral angle.
The new local configuration that has arisen reinitiates intraparticle mass
transport to the contact region and ultimately leads to the configuration
shown in Figure 8d. Similar conclusions may be reached for more complex
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particle arrays and networks. Simply stated, grain growth reinitiates

sintering.

Now that a relation between grain growth and sintering has been
established it is pertinent to establish a relation between grain growth and
densification. Assuming that sintering produces shrinkage, analytical
expressions may be estab'h'shed(24) for simple one-, two- or three-dimensional
particle arrays where the changing distance between the grain centres is
related to grain growth. For the purposes of illustrating these calculations
and results, consider a symmetric ring containing two different sets of
identical spheres with nearly the same initial radii. It is assumed that the
spheres within the ring undergo the sequential cycles of sintering, grain
growth and sintering in a similar manner to those described above. Once this
array has undergone one full cycle the number of spheres in the ring will be
reduced by a factor of 2. The array is then subjected to further cycles
with the assumption that every other grain is somewhat smaller than its
neighbour and will disappear via interparticle mass transport. The number
of cycles required to close the pore within the ring will depend on the
number of initial particles within the ring and the dihedral angle as
discussed in the previous section. The relative grain size can be determined
after each cycle since the number of grains is reduced by a factor of two.
The shrinkage of the ring, and thus the density of the disc that defines the
ring, can also be calculated after each cycle. It can be shown that this
relative density (p,,;) after each cycle of grain growth and sintering
(defined as 'm') can be expressed as a function of the new grain size after
each cycle (Dm) and the dihedral angle (d;e) as:

12, TP ol N . 2!
il =2 | T | cos[— 3 - cos"|— cos|—| |1 + |sin — 14
3|0 2 2 2 n

where n_ is the initial number of spheres of radius r; in the ring, and Drn
= 2r.i(2m/3). Figure 9 illustrates a plot of equation 14 for 3 different
dihedral angles, showing that the relative density/grain size relation is a
near linear function until relative densities > 90%, consistent with Gupta's
experimental review. Similar relations are obtained for three-dimensional
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Figure 9: Density of disc containing ring of spheres as a function of grain
size.

It is significant to note that the contribution of grain disappearance
to shrinkage is very small relative to that for sintering and is equal to
zero when the dihedral angle is > 130°. The reason is that the larger,
neighbouring grains grow as fast as the smaller, sandwiched grain shrinks,
leading to little or no displacement of the larger grain centres. This

surprising result was not predicted by intuition.

In summary, it can be shown that grain growth in a partially sintered
particle network reinitiates the sintering process which leads to further
shrinkage of the network and densification. Although the grain growth
phenomenon does not directly contribute to shrinkage, per se, it is the
interparticle mass transport and its kinetics which is responsible for
densification once the initial particles have formed a sintered network.
According to this theory, the kinetics of densification should be related to

grain growth kinetics rather than those associated with sintering.

3.6 Experiments Relating Grain Growth to Pore Disappearance

Theory outlined in the previous sections strongly suggests that unless
identical particles are periodically packed such that the coordination number
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of all pores is less than the critical number, grain growth will be necessary
to fully densify a powder compact. To test this hypothesis, A1203/Zr'02
composite powders were consolidated containing a small volume fraction
(<0.01) of identical, plastic spheres (either 1um, 2um or 4um diameters)
which produced the only remnant porosity observed after densification(zo).
Specimens were heat treated for different periods at a sintering temperature
of 1600°C to induce grain growth. Grain size, pore size and pore number
density measurements were made after each heat treatment. As shown in
Figures 10 and 11, respectively, the number density of the pores decreased
with increasing grain size, whereas the size of the pores that remained after
heat treatment was unchanged. These data are not consistent with a kinetic
view of densification in which the number density would remain nearly
constant, whilst the pore size would decrease with the heat treatment period.
Rather, the data are consistent with the thermodynamic view outlined in the
previous sections which suggest that pores will disappear once their
coordination number is lowered below the critical value by grain growth and
that the size of the remaining pores should be relatively unchanged by the
heat treatment.

4. COLLOIDAL POWDER PROCESSING

4.1 Heterogeneities Associated with Powder Processing

The previous sections conclude that the sinterability of a given powder
can best be optimized by packing the particles to produce pores with
coordination numbers as low as possible. Unfortunately, powder processing
is a 'many bodied' problem prone to the introduction of heterogeneities,
where the major cause of these heterogeneities can be the powder itself.

Nearly all current powders of interest are agglomerated, i.e. dry
powders with average particle sizes of about 1 um are composed of large, weak
agglomerates consisting of particles held together by capillary forces due
to condensed moisture, Van der Waals forces, or other short-range adhesive
forces. Most powders also contain strong agglomerates comprising chemically
bonded particles. These are formed either by partial sintering during
pyrolysis of precursors (e.g. salts) or by 'cementation' (e.g. bonding due
to hydroxides) during powder drying. Agglomerates pack together during
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Figure 10: Number of pores observed per unit area in three materials
containing pores produced with plastic spheres after post densification heat
treatment to produce grain growth.
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Figure 11: Size of pores observed 1in three materials containing pores
produced with plastic spheres after post densification heat treatment to
produce grain growth.
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consolidation to produce compacts with large differential packing densities
leading both to poor densification for reasons discussed above and the
formation of crack-like voids that become a major strength degrading flaw
popu’lat*ion(s).

Besides the crack-1like voids formed during densification, conventional
powder processing is subject to the introduction of many other
heterogeneities that dinclude: idnorganic and organic dinclusions, poorly
distributed second phases, particle packing that encourages abnormal grain
growth, etc. It 1is now recognized that each type of heterogeneity is a
potential strength degrading flaw population. Inadvertently, typical
processing procedures introduce a variety of flaw populations that 1imit the
potential strength of the product. Slight changes in processing variables
can, unknowingly, produce a different flaw population. New processing
methods with a high probability of either controlling and/or eliminating
microstructural heterogeneities must be developed in order to ensure

engineering reliability.

Heterogeneities dintroduced during processing are best uncovered by
observing fracture origins. The flaw must be identified and related to a
processing step and new processing methodology implemented to eliminate it.
This achieved, new fracture origins will uncover a new, but less severe
heterogeneity which in turn must be identified, related to processing and
removed by changes to the production route. This is therefore an iterative

process.

Figure 12 presents the chronological increase in the mean strength for
three transformation toughened materials as a function of such iterative
processing changes. As reported e'lsewhere(s). large two phase agglomerates
that produce crack-1ike voids during densification were observed at fracture
origins after dry pressing (Process Step 1). These large agglomerates were
produced after drying milled powder slurries. They were eliminated by
removal of the drying step and consolidating directly from the slurry by slip
casting(zs) (Process Step 2). Smaller agglomerates were then observed at
subsequent fracture origins, which were later identified as hard, partially
sintered agglomerates present in one of the two powders (the zirconia) used
to produce the two phase material. To remove this problem, all agglomerates
larger than approximately 1 um were fractionated from both powders by
sedimentation prior to powder mixing and siip casting (Process Step 3)(26).
Irregularly shaped voids were then discovered as the fracture origins and
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were found to be caused by organic dinclusions which burnt out during
sintering. These were eliminated by burning out the organics present in the
powder compact at a low temperature, followed by isostatically pressing the
compact at room temperature (Process Step 4) prior to densification at high

temperatures( 26) .

Hot isostatic pressing (HIPing) can be used as a post-densification
processing step to close voids left after pressureless sintering(27).
However, whilst HIPing can be effective in removing some detrimental voids,
such as crack-like voids produced by differential densification of
agg'lomerates(s), it is ineffective in eliminating other heterogeneities. The
zirconia/alumina material processed by Toyo Soda Ltd2 is post-sintered HIP-
treated to increase strength by eliminating detrimental voids (Process Step
5). Large alumina-rich, two-phase inclusions were observed as the fracture
origin in this material. This heterogeneity stems from poor mixing of the
two powder phases and as such can not be removed by HIPing. It was removed
when Toyo Soda researchers improved mixing procedures (Process Step 6) which

resulted in a significant strengthening.

4.2 Colloidal Methods for Preparing and Consolidating Powders

Many of the processing methods used to eliminate heterogeneities
discussed in the previous section involved various aspects of what has become
known as colloidal processing. This approach involves the manipulation of
interparticle forces. Colloidal methods being used, for example, to; break
apart weakly bonded agglomerates, eliminate strongly bonded agglomerates by
sedimentation, fractionate desirable particle size distributions, eliminate
inorganic and organic inclusions greater than a given size, homogeneously mix
two or more powders, store powder slurries without mass segregation and
consolidate powders to very high bulk densities. The potential usefulness
of colloidal methods in developing reliable processing methods for advanced

ceramics can not be over-emphasized (see also Chapter 3).

Colloidal phenomena involve interparticle forces in liquids, liquid
mixtures, or vapours. Certain aspects of the colloidal processing of
ceramics require repulsive interparticle forces whilst others require
attractive forces. For example, repulsive forces produce pourable slurries

2 Toyo Soda Mfg Co Ltd, Tokyo, Japan.
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containing up to 60 volume percent solids, whereas attractive forces cause
the same slurry to behave nearly 1like a solid. A number of basic
interactions can be used to alter interparticle forces. These include
attractive Van der Waals forces, repulsive electrostatic forces, solvation
(i.e. short range hydration or hydrophobic) forces and steric forces, in
addition to attractive capillary (Laplace) forces(zs). The solvation and

steric forces can be attractive or repulsive in nature.

With the electrostatic approach, ions or charged molecules are attracted
to or dissociated from the particle surfaces to produce a system of similarly
charged particles. When the repulsive 'double-layer' electrostatic forces
between the particles are greater than the attractive Van der Waals forces,
the particles repel to produce a dispersed system. The net interparticle
force (in aqueous solutions) can be altered by changing the type of
concentration of the ionic species as well as the pH. When the particle
charge approaches zero, the particles floc and eventually produce a very open
network of touching particles. The zeta potential provides a convenient
experimental measure of such forces.

With the steric approach, bi-functional macromolecules attach themselves
to the particles. The macromolecular additives are usually completely
soluble in the dispersing fluid, but are designed with certain functional
groups to bind them to the particles. The particles then repel one another
once their separation distance is less than the radius of gyration of the
macromo]ecu]e(zg). Flocculation usually occurs when the conditions are
changed to make the polymer insoluble in the solvent medium. This can be
controlled by changing the temperature, by adding another fluid to the
system, by changing the polymer molecular weight and, of course, by changing

the polymer.

Polyelectrolytes are multi-charged macromolecules that may absorb or
anchor to surfaces of ceramic particles in a polar (often aqueous) medium.
Observations suggest that certain polyelectrolytes can be most effective in
dispersing a wide range of ceramic powders. Although we lack the basic
understanding of why some are quite so effective, it is known that they can
produce an electrostatic 'double-layer' surface charge, thereby opposing the
attractive Van der Waals forces, in addition to offering the possibility of
steric interaction. The interparticle forces produced by polyelectrolytes
may be controlled by altering pH, ionic strength, temperature, molecular
weight, etc.
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While the colloidal method may appear straightforward, its success
depends on an understanding of interparticle forces and how to manipulate
them. Although such forces have a strong theoretical base, verified through
direct surface force measurements(ze). the choice of the best surface active
agent to use to control the forces is still a matter of trial and error for

most ceramic systems.

The application of the colloidal method is certainly not new to ceramic
powder preparation, for example, ancient applications include the ageing of
clays for hand moulding. In addition, colloidal methodology has been applied
for more than one hundred years to prepare clay slurries for casting into
porous moulds, usually plaster-of-paris, to form thin walled, complex shaped
bodies. Colloidal methods are also commonly used to fractionate ceramic
abrasive media to obtain a desired narrow particle size distribution, however
their use prior to consolidation of a ceramic body to eliminate or reduce in
size the common heterogeneities associated with ceramic powders, such as

agglomerates and inclusions, is relatively rare.

Figure 13 shows schematically one colloidal approach to treat and store
ceramic powders prior to conso1-idat1'on(26). As received, dry powders are
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dispersed in an appropriate fluid with a surfactant that produces
interparticle repulsive forces which break apart the weak agglomerates.
Partially sintered and other agglomerates, which are too strong to be broken
apart by the surfactant, and inorganic inclusions greater than a desired
size, are eliminated by sedimentation. This step can be automated by
centrifuging. After removal of undesired particulates, the remaining
dispersed slurry is adjusted to contain the desired powder fraction and is
flocced by changing the interparticle forces from repulsive to attractive.
Floccing concentrates the particles to form a continuous 'touching' network
which consolidates under its own weight, partially separating the particles
from the fluid phase. Flocced slurries can also be washed to remove excess
salts and/or surfactants used to manipulate the interparticle forces.
Centrifuging can further concentrate this particle network. Floccing also
prevents further mass segregation during storage even when acted upon by

centrifugal for'ces(:‘;0 ) .

Figure 13 also shows that two or more powder phases, separately treated
as summarized above, can be mixed together to form multiphase slurries. If
the phases are colloidally compatible, i.e. do not floc one another, each
flocced slurry can be redispersed (by again adding the proper surface agent
that produces repulsive interparticle forces) and mixed. More commonly, the
phases are not compatible, but because flocced mixtures can be mechanically
redispersed by means of a device that produces a high shear-rate (an
ultrasonic horn, high speed rotors, etc), the different flocced slurries can
be mixed within such a high shear rate field. The mixture subsequently flocs
to form a new mixed particle network which prevents phase separation during
storage and further processing.

The question of how uniform the mixture is and what tools can be used
to define this property has recently been addressed(31). The method used for
phase uniformity is quite s-imp]e(31). can be directly related to the rheology

(32)

of the slurry mixture and can be used as an inline processing sensor to

assess mixing uniformity.

When a multiphase body is observed in a scanning electron microscope,
the non-dispersive X-rays can be collected to obtain an energy (EDX) spectrum
representing the different elements. This spectrum can be analyzed to
quantitatively define the atomic fraction of each element and thus, if
different elements are associated with different phases, the content of each
phase within the area scanned by the electrons. At low magnifications, the
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EDX spectrum defines the phase content within the large body. With
reasonable counting periods, the standard deviation for different areas
examined at low magnifications is low (usually <3%) but is associated with
counting errors. At very high magnifications, the area examined may not be
representative of the large body and the deviation of the spectrum relative
to the large body can be very large. At some intermediate magnification, the
standard deviation will begin to depart from that produced by counting
errors. At this magnification, the area scanned is statistically identical
(within an acceptable standard deviation somewhat larger than that due to
counting errors) to the large body. The size of this area thus defines the
smallest area that contains the same phase distribution as the whole body.
This area (Aum) can be defined quantitatively and used to represent the phase
uniformity after the phases are mixed together during processing. The better
the mixing, the smaller the value for Aum' This parameter is thus an
extrinsic property of the multiphase material that depends solely upon

processing.

Values of Aum can be related to different mixing methods, different
mixing periods, e.g. different resident periods for mixed slurries within a
high shear rate field, and to the properties of the mixed slurry itself. It
may also be related to the viscosity of flocced, two phase s]urries(34) and
it is possible that an inline viscosity measurement could be used to
determine phase uniformity (as defined by a number, that is Aum) during
processing.

4.3 Consolidating Powders Consistent with the Colloidal Method

If colloidally treated powders are dried, weak to moderately strong
agglomerates will reform. In addition, drying can re-expose the powder to
unwanted environments (e.g. dust) which are expensive to control. That is,
dry pressing methods of consolidating colloidally treated powders is subject
to great uncertainty that old problems associated with heterogeneities will
rise again to plague processing reliability. Thus, colloidally treated
powders should never be dried and never exposed to an uncontrolled
environment until the consolidated body has been formed. This can simply be
accomplished by piping the slurry directly to the consolidation machine.

The current consolidation methods listed in Table 1 use slurries and
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are based on some knowledge of interparticle forces3. With modifications,

all could be adapted to the fractionation procedures and stringent
Unfortunately, each
suffers from some limitation, also briefly indicated in the table. For this

environmental control requirements outlined above.

reason, new consolidation methods must be developed that are consistent with
the colloidal powder processing methods.

Method

Slip casting
(fluid removed by filtration)

Tape casting
(fluid removed by evaporation)

Electrophoresis
(charged particles attracted to
an electrode)

Injection moulding
(highly filled dispersion frozen

Major Limitation

Parabolic kinetics (Darcy's Law)
too slow; shapes limited to thin
walls

Limited to thin sheets, Tlarge
residual polymer content

Shape, wall
Timited

thickness very

40 to 50 volume percent polymer
must be eliminated prior to

densification: Tlimits thickness
of object

during injection into a die)

Table 1: Current state of slurry consolidation techniques.

New consolidation methods are being developed using the understanding
of how interparticle forces control rheology and how rheological behaviour
can be changed with applied pressures. Directions leading to these new
consolidation methods might be conceptually envisaged by examining the
rheological behaviour of dispersed and flocced slurries containing a high
volume fraction of the particulate phase. Pourable, dispersed slurries can
contain up to 60 volume percent of the particulate phase. The viscosity of
these highly filled, dispersed slurries increases with shear rate (they flow
under gravitation forces, but become 'rigid' when quickly sheared).
Conversely, the viscosity of highly-filled, flocced slurries, produced by

centrifuging and pressure filtration, decreases with increasing shear rate.

3 It is interesting to note that the additives used to increase particle
loading and decrease viscosity of injection moulding slurry systems are
rarely defined as agents that alter surface forces, nor is the system viewed
in terms of colloid chemistry (34).
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The pseudo-plastic behaviour of flocced slurries can be advantageously used

for pressure moulding.

With this rudimentary knowledge, it 1is apparent that interparticle
forces might be manipulated (or applied stresses used) to dramatically change
rheology, with the objective of forming complex shapes having mechanical
integrity prior to drying. Several examples can be suggested:

1) Dispersed slurries can be poured into a complex mould and then
'solidified' by changing the interparticle forces from repulsion to

attraction, viz. by in-situ flocculation,

2) Dispersed slurries can be injected into a compiex die and then made more
'rigid' by increasing the strength of the attractive interparticle

forces, e.g. by ge]ation(34),

3) Highly-filled, flocced slurries with a 'yield stress’ suitable for shape
retention can be liquified when coupled to the high amplitude vibrations
produced by an ultrasonic device (the slurry then 'freezes' once the

device is turned off), etc.

Pressure filtration also produces dramatic changes in rheology as the
fluid phase is removed. Unlike injection moulding, ceramic slurries used for
pressure filtration fi11 the die cavity prior to the application of pressure.
This attribute of pressure filtration avoids many of the flow sensitive
problems (and thus flaw populations and non-uniform microstructures) inherent
with injection moulding. Preliminary experiments have shown that the layer
of packed particles that consolidate as fluid passes through the filter can
i1l a complex shaped die cavity to produce a complex shaped engineering
component(35). In addition, pressure filtration devices can be designed so
that the fluid phase is removed by in situ percolation after consolidation.
These combined attributes strongly suggest that pressure filtration can

become the new method for consolidating reliable ceramic components.

Pressure filtration experiments have been conducted with A1203 powder
in which conventional methods (controlled pH) are used to alter interparticle
forces(36). Conditions that produce the maximum interparticle repulsive
forces result in an extremely high particle packing density (relative
densities up to 70%) which is relatively insensitive to the applied pressure.
On the other hand, the packing density for conditions that produce the
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maximum attractive interparticle forces is very pressure sensitive. These
results suggest that repulsive interparticle forces would be desirable.
However, two significant problems exist. First, the consolidated layer
produced by the dispersed slurry is dilatant and does not retain its shape
after consolidation. Second, because of the very high packing density, the
permeability is more than an order of magnitude lower relative to the lower
density compacts (60% relative density) produced at the same pressure when
the interparticle forces are attractive. These results show that
interparticle forces control packing density, pressure filtration kinetics

and mechanics, and the rheology of the consolidated compact.

These same pressure filtration studies have shown that one problem of
pressure filtration is that time-dependent stress redistribution occurs on

(35). That is, relief on the strain energy stored in the

pressure removal
connective particle network during pressure filtration is time dependent due
to fluid flow. Stresses that arise within the consolidated body upon
pressure removal can cause cracks to form in the compact after the body is
removed from the moulding die. It was shown that this cracking problem can

be avoided with small additions (about 1 volume %) of certain polymers.

5. CONCLUDING REMARKS

Within the last few years, new concepts have emerged relating particle
arrangement to densification and the control of particle arrangement through
colloidal methods. The new concepts concerning densification suggest that
the microstructure development during densification, viz. grain growth, can
control the thermodynamics and kinetics of the densification process itself.
They explain how packed agglomerates produce pores within the powder compact
that can be thermodynamically stable unless grain growth can Tlower the
coordination number to allow the pore to disappear. They explain how forces
develop between particles that can cause rearrangement when the particles are
not identical and periodically arranged. In essence, these new concepts
emerged by examining the pores within a powder compact as well as the
particles. The new concepts concerning colloidal methods were developed out
of a need to eliminate and/or minimize heterogeneities common to the powders.
These concepts are not really new, but have been borrowed from related
sciences and technologies and adapted to advanced ceramic processing.
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Innovative slurry consolidation methods must be developed to implement these
new colloidal methods which have the potential to dincrease processing
reliability and thus property reliability. This will be the major challenge

for tomorrow's process engineer,
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1. INTRODUCTION

With the advent of many new ceramic materials, as well as methods of
forming and densifying them, there has been keen interest in the potential
for using ceramics in many high technology applications. These include areas
such as: insulators, electronic substrates, high Tc superconductors, tool
bits, wear surfaces, heat exchangers, turbine and automotive engine
components, etc. While the market potential for these applications is very
high, there are still several difficulties that must be overcome before the
full potential of structural ceramics is realized. One of the most critical
problems has been the lack of suitable raw materials (powders) from which
ceramic components could be fabricated. Most traditional methods of powder
synthesis yield powders with inherent "defects". These defects can often be
traced to resultant microstructural flaws which ultimately 1limit the
properties and reliability of the ceramic materia1(1).

Conventional powders (in this author's terminology) have the following
general characteristics:
1) a large average size, >1-10 microns, with some particles in the 20-100

micron size range,

2) a very wide distribution of particle sizes, with Rmax/Rave >5,
3) a high degree of agglomeration, both weak and strong inter-particle bonds,
4) dirregular morphologies,
5) impurity levels in excess of desirable limits, and

39
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6) a lack of control over phase chemistry and crystal structure.

It is now very clear that powders with these characteristics often require
special procedures to achieve full densification(z’s). These 1include, but
are not limited to the following: ball milling, sieving, purification,
mixing, spray drying, addition of sintering aids, hot pressing, hot isostatic
pressing, and use of very high sintering temperatures or long sintering
times. As increasing demands are made on properties and reliability,
however, newer methods must be developed for: powder synthesis and
dispersion, consolidation/shape forming, and densification.

As indicated a number of years ago, there is a great advantage to
processing ceramics from powders with an idealized set of physical and
chemical characteristics(1). Such ideal characteristics include:

1) a small size, generally less than 1 micron,

2) a narrow size distribution, where Rmax/Rave <3,

3) an equiaxed morphology, tending towards spherical,

4) no agglomeration, or very weak agglomerate bonds which can be broken
during processing, and

5) a very high degree of chemical and cyrstal phase purity.

There have been numerous investigations that have clearly demonstrated
the value of working with such powders. Some of the advantages claimed
include: reduced sintering times and temperatures, reduced grain size and
distribution, higher sintered densities, reductions in the use of pressures
or sintering aids, increased dimensional tolerances etc., all of which lead
to improved property re1iabi1ity(4_11). It should be noted however, that use
of such ideal powders alone, is insufficient to insure the realization of the
potential benefits listed above. Appropriate methods for dispersing and
subsequently consolidating these powders, that will result in green bodies
that have the maximum degree of microstructural uniformity, must also be
developed.

It should be noted that this set of ideal powder characteristics has
been found to be generally useful for many ceramic systems. One must,
however, be careful in determining the exact set of characteristics that are
appropriate for the particular application at bhand, i.e., the exact
characteristics for a Si3N4 powder for structural applications will be
different from those required for a 1-2-3 high Tc superconducting powder.
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At least two schools of thought have developed in terms of the proper
approach to take toward processing science. One school states that the
majority of technical problems can be solved through the use of such
idealized powders, without the use of additives and external pressures. The
other school advocates the use of sintering additives and external pressures
(where needed), owing to the high degree of difficulty (and cost) of working
with such ideal powders. Harmer appropriately states that it is not simply
a question of one approach or the other(12). No matter how perfect the
powder may be, the statistical probability of forming a packing defect or
other microstructural non-uniformity in the green body is so high, that one
may still need small amounts of uniformly dispersed additives and/or external
pressures to reach >99Z theoretical density, especially for covalent
ceramics or reinforced composites. The competition between these two schools
of thought, and the worlds of practical and theoretical ceramics are shown
schematically in Figure 1. It is clear that a balanced prospective may
indeed be the wisest.

There has been considerable interest in developing ceramic materials for
use in advanced heat engines. Possessing low density and excellent
thermomechanical properties, ceramics provide a means for producing heat
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engines with efficiency ceilings far above what is presently possible with
today's super alloys. One material, silicon nitride, has received
considerable attention due to its high decomposition temperature

(approximately 1880°C) as well as superb <intrinsic creep properties(13'14).

Exploitation of silicon nitride's intrinsic properties, however, is not
presently possible. Current practice relies on the addition of one or more
oxide sintering additives (ie Y503, MgO, Ce0, A1,03, and BeQ) to promote

densification( 151 7).

By reacting with the native S1'02 layer (typically 0.5-
3wtX) present on the starting alpha-SigN, powders, densification is
accomplished through a liquid phase sintering process. The Si02 reacts with
the sintering aids to form a liquid, which then dissolves the a—Si3N4 and
subsequently precipitates B—S'i3N4. Processing of S'i3N4 in this manner
results in the formation of a residual glassy phase in the grain boundaries.
This phase softens at the desired elevated use temperatures, thus
compromising the thermomechanical properties of conventionally processed
material. As an example, the creep rate of S'i3N4 can be reduced by up to 5
orders of magnitude if the grain boundaries are very clean (as in reaction
bonded Si4N)(18).

Obviously, in order to take advantage of silicon nitride's intrinsic
properties, it is highly desirable to densify S1'3N4 without sintering
additives. The sintering difficulties associated with SigN, which require
the use of these additives are attributed to various factors. Silicon
nitride has very low bulk diffusion coefficients which result from strong
directional covalent bonding. Sublimation introduces problems of
decomposition and variable stoichiometry as processing temperatures are
increased in an effort to overcome the low diffusion coefficients. The net
result is a high ratio of non-densifying sintering mechanisms (i.e.surface
diffusion and evaporation-condensation) to those which promote densification
(i.e.volume and grain boundary diffusion). Thus, without oxide sintering
additives, compacts of S1‘3N4 powder typically coarsen with little shrinkage.

Due to the difficulties associated with sintering "pure" SigN, mentioned
above, the material has been labeled "unsinterable". Silicon nitride,
however, is not alone in this category. Silicon and SiC, also covalent in
nature, exhibit similar sintering difficulties. It has been shown, however,
that Si and SiC can be densified without developing residual glassy grain
boundary phases, if the particle size is small enough, or if appropriate
sintering aids are used(19_21). In addition, pure Si, 55 nm in size, has
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been found to sinter provided initial green densities are sufficiently high

i.e.>42% theoretical density(22'23),

While "pure" SigN, has been labeled as being unsinterable, there is no
apparent thermodynamic barrier to its densification(19). Utilizing Si as a
model powder for the sintering of covalent materials, it was determined that
extensive sintering should develop in powder compacts when the ratio of bulk
(or boundary) diffusivity to particle radius is approximately 4x1078
cm'1(19‘24). Assuming that the ratio of diffusivity to particle radius for
other covalent materials must equal or exceed silicon's value, Si3N4 powders
should sinter without liquid forming sintering additives, if they are less

than 25 nm in size.

Densification of covalent materials may be further assisted through the
application of an external pressure during the sintering cycle. It has been
demonstrated that through pressure application, the energy available for

(25_28). Hot pressing

densification can be increased by more than 20 times
(HP) and hot isostatic pressing (HIPing) are typical methods for applying
pressure and temperature simultaneously. In the case of Si3N4. the use of
an over pressure of N2 0.7-70MPa (~100-10,000psi) has been found to provide
both a compressive force for densification, as well as an increased

thermodynamic barrier to decomposition.

Miyamoto et al., have recently demonstrated the densification of
"undoped" SigNy powders by HIPing(zg). Resultant bulk specimen properties
(density, microhardness and flexural strength) were very good, both at room
and elevated temperatures. Starting powders, however, were processed in
ambient atmospheric conditions prior to HIPing, no doubt resulting in

significant levels of oxygen.

Due to the higher free energy of formation possessed by Si0,, S'i3N4 will
oxidize or hydrate in atmospheres of oxygen and water vapor(3ofg1). Recent
work has demonstrated that the hydroxilation kinetics of an amorphous laser
derived Si3N4 powder, when exposed to various relative humidity atmospheres
at room temperature, are extremely fast(32). However, on exposure to N2-201
02 atmospheres containing extremely low concentrations of water vapor, the
kinetics of oxidation were negligible over 72 hours. Water vapor attack on
Si3N4 powders results in Si-OH layer formation. This layer may act as a
sintering aid during heat treatment. The fact that Miyamoto et al. reported
the occasional identification of a secondary oxynitride phase in their HIPed
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samples seems to support this suggestion.

In order to densify "pure" SigNys it seems imperative to:
1) synthesize a powder <25 nm in size,
2) pack powders uniformly into high green density compacts,
3) process the material to prevent the formation of an oxide layer, and
4) assist densification and limit decomposition through the application of

an external pressure,

The objective of the experimental work described herein is to study the
effect of oxygen contamination on the dispersion and subsequent densification
behavior of ultra-high purity, laser-derived S*i3N4 powders. In particular,
stoichiometric, amorphous powders approximately 17 nm in size, both exposed
and unexposed to the ambient environment, were dispersed in a non-aqueous
solution in an attempt to form high green density, uniformly packed green
bodies with 1ittle or no 02 contamination.

A dispersion of S1'3N4 powder in Unamine—Om—hexane solutions was
selected as the best system for creating high purity, high density, uniformly
packed green compacts for the following reasons: (1) the dispersions have
a low relative viscosity, (2) the solvent and dispersant both have a low
oxygen content, limiting possible oxygen contaminiation, (3) the Unam*ineTM
dispersant exhibits the high surface activity essential for good dispersions,

™ is available commercially, and is commonly prepared by the

(4) Unamine
reaction of oleic acid with 2-amino-ethanolamine, and (5) Unam'ineTM should

exhibit good burnout behavior‘(az).
HIPing of the consolidated laser synthesized Si3N4 powders was carried

out in sealed ampules that maintained the exposed or unexposed status of the
powders. No sintering aids were used in this investigation.

2. EXPERIMENTAL PROCEDURE

2.1 Powder Synthesis and Characterization

813N4 powders were produced via laser-driven gas phase reactions.
Details of the process have been reported elsewhere, and therefore are only
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summarized here(20:33-35)

grade SiH4 and NH3 orthogonally through a C02 laser beam. Due to the strong
absorption of the 10.6 pm C02 emission by SiH4, the reactants heated rapidly
and subsequently decomposed and reacted to form Si3N4 powders, By careful
manipulation of process variables (ie flow rates, reactor pressure, gas
ratios and laser dintensity) powders of controlled characteristics (size,

Si3N4 powders were produced by passing electronic

stoichiometry and crystallinity) were produced. A1l  post-synthesis
processing was done in atmospheres containing a combined oxygen-water
environment <10 ppm, or the ambient atmosphere. Powders processed with and
without atmospheric exposure are termed exposed or unexposed respectively.

Synthesized powders were subjected to the following battery or
characterization methods: X-ray and electron diffraction, He-pycnometry,
single point BET gas absorption, TEM, XPS analysis based on a 101.3 eV
silicon 2p binding energy for stoichiometric Si3N4 powders(as). neutron
activation, and wet chemical analysis. The activity of 513N4 powders, both
exposed and unexposed, was determined by measuring the surface area of

powders annealed in nitrogen as a function of temperature.

2.2 Powder Dispersion

For the dispersion studies, all powders referred to as unexposed were
processed in a glove box, while powders referred to as exposed were
introduced to air at room temperature ~50% RH for at least 72 hr. Powders
referred to as 02 exposed were subjected to a gas stream of 21% 0, in
nitrogen mixture at a flow rate of ~0.75 1/min. ACS grade hexane was used
as received. Unamine OTM was also used with no further purification.
Solutions of imidazoline surfactant in hexane were prepared in air and dried
over a freshly activated molecular sieve.

2.3 Adsorbate Surface Studies

The quantity of chemisorbed and physisorbed water on 813N4 powder was
determined by a modified Karl Fisher titration technique used for determining
the hydroxyl content of amino a1coho1s(37'3e).
was an exposed powder that had been heated and evacuated at 200°C and 0.8
torr vacuum for 24 hours (to remove physisorbed H20), and subsequently stored

The powder used for the study

in a glove box. Weight gain experiments were used to quantify the degree of
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hydroxylation and hydration of the S1‘3N4 powder using an apparatus similar
to that of Nentze'l(39). In a separate experiment, the oxidation of the S~i3N4
powder was measured by weight gain of an unexposed powder in an ultra high
purity 21% 0, in nitrogen gas stream at a flow rate of approximately 0.75
1/min.

Diffuse reflectance infra-red spectroscopy (DRIFT) was used to
characterize the powder surface chemistry and powder surface-dispersant
interaction. The unexposed samples were transferred to the FTIR ultra high
purity nitrogen purged sample chamber with minimal air exposure. The exposed
samples were run under dry air conditions. 02—exposed powder was analyzed
with the same procedure used for unexposed powder.

2.4 Dispersion Properties

The rheological properties of the dispersion systems were assessed using
relative viscosity measurements, where the relative viscosity is defined as
the viscosity of the suspension divided by the viscosity of the solvent-
dispersant system. The measurements of shear stress vs shear rate were
performed on dispersions with 1 vol% solids, which were mechanically agitated
for 72 hr at ~20°C. Dispersions referred to as water added followed the
procedure outlined above, except that 0.15 vol% water was added to unexposed
slurries after 72 hours of agitation in a glove box.

2.5 Powder Consolidation

In order to evaluate the consolidation behavior of these dispersed
powders, unexposed and exposed 31'3N4-Unam~ine OTM—hexane dispersions were
first prepared (as above) and subsequently dried in a glove box. The dried
mass was removed from the glove box and granulated using a mortar and pestile
in air, followed by die pressing in air at pressures from 69-346 MPa. The
density of the green compacts were calculated based on measurements of sample
dimensions and weight.

2.6 HIPing

Pellets for use in the HIPing studies were formed in a two stage
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pressing process. Synthesized powder was first hand pressed at pressures
less than 350 kPa, followed by cold isostatic pressing at 283 MPa. Pellets
for HIPing were then encapsulated in high purity boron nitride powder inside
Pyrex™ tubes. The samples were outgassed at 5x10™0 torr and 600°C for 24
hours. A1l sample preparation was carried out in an effort to maintain the
sample's exposure status, ie unexposed or exposed. Sealed cans were
subsequently placed into a 600°C oven and cooled slowly.

Hot isostatic pressing was conducted using an argon gas HIP. A1)
samples were first heated to B30°C, the softening point for Pyrexm. at a
rate of 30°/min under 602 kPa pressure. After a 15 minute soak at B830°C,
pressure and temperature were ramped to desired values.

3. RESULTS AND DISCUSSIONS

3.1 Powder Synthesis and Characterization

The synthesis conditions utilized to produce SizN, powders by the laser
process are listed in Table 1. The properties of powders produced under such
conditions are presented in Table 2. Figure 2 is a TEM micrograph of the

L3508 5

-

R

Figure 2: TEM micrograph of as synthesized SigN, powders. Bar = 100 nm.
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Silane 72 cmgmin_l
Ammonia 320 cm3m'in—1
Argon: annulus 600 cm mi?_
chamber 1.5 Imin~
Reactor pressure 720 torr
Flame temperature 1110°C3 5
Laser intensity 5.6x10~ Wem™

Table 1: Si3N4 powder synthesis conditions.

Surface area 122 ng_1
Particle size: BET-ESD 17.0 nm

TEM 16.0 nm 3
He-pycnometric density 2.9 gom™
Crystallinity Amorphous
Chemistry Stoichiometric, (No Si

detected by X-ray and XPS).

Table 2: Si3N4 powder characteristics.

Element Wt%
C 0.072
C1 <0.010
Ta <0.008
W <0.008
S 0.007
B 0.003
Cu 0.001
Fe 0.001
Al <0.001
Ca <0.001
Cr <0.001
Mg <0.001
Ni <0.001
Na <0.001
Y <0.001

Table 3: Chemical analysis of SigN, powders.
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as synthesized 513N4. Table 3 Tlists the trace impurities of the powder as
determined by wet chemical analysis. Particularly notable are the low iron,
calcium, aluminium and carbon contents of these powders. Neutron activation
analysis indicates that exposed powders possess an oxygen content of ~4 wt?
while unexposed powders have only 0.1-0.2 wtZ. Results indicate that
extremely "pure" SigN, powders of controlled characteristics may be produced

by laser-driven gas phase reactions.

3.2 Surface Chemistry of Unexposed and Exposed Powders

A review of silicon chemistry facilitates understanding and optimization
of the dispersion behavior of the Si3N4—imidazo1ine—hexane system. The
surface chemistry of Si3N4 powder prepared in various fashions and processed
in aqueous suspensions or ambient air has been found to consist of an

(40,41)

equilibrium between amino and silanol (Si-OH) groups Recently, Busca

has shown that the surface of an air exposed S-i3N4 consists primarily of Si-

(42)

NH groups and silanol groups The S'i3N4 powder surface species and their

reactivity (without exposure to air or water), have not been widely studied.

Silica surface studies give an indication of the reactivity of silanol
groups on S1'3N4 surfaces. Room temperature silica surface studies indicate
that condensation reactions between aliphatic alcohols and silanol groups on
Si3N4 are highly unlikely. Instead, the adsorbate alcohol will probably
hydrogen bond to the silanol sites(43). Based upon the 1literature for
nonaqueous and aqueous solution chemistry of organosilylamines (viz. R3-Si—
NH2) and silazanes (viz R3—Si—NH—Si—R3), any amino groups would be expected
to undergo hydrolysis and alcoholysis quite readily at room temperature.
Many times, however, an acid initiator is essential for silazane alcoholysis.
Silazanes have not been observed to undergo hyiroi;sis when the molecule was
44

insoluble in neutral or basic aqueous solutions Other functional groups

such as: C=C bonds, and carbonyl groups (C=0), and amine groups (NHx) have

been shown to adsorb on to silica surface silanol groups(45_47).

Exploring the chemistry of the functional groups present in the

surfactant aids in understanding the interaction of Si3N4 with the Unamine
OTM surfactant., Unamine OTM is a 1l-hydroxy-ethyl 2-heptadecenyl 2-
imidazoline which consists of a five member heterocyclic ring with an alcohol

at the one position and an aliphatic chain at the two position as depicted

in the reaction be]ow(48):
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CHy CH,y CH,—— CH,
rli NlR' i rL NlR- > R-I;JCHZCHZNHR' + OH™

M

In acidic aqueous solutions at room temperature, the imidazoline has not been
observed to undergo hydrolytic ring fissure(49). The imidazoline ring is
extremely reactive in the presence of water 1in non-aqueous and aqueous
solutions that are neutral or basic. The imidazoline undergoes a base-

catalyzed hydrolisis ring opening resulting in an amide reaction product
(Reaction 1)(50).

The surface chemistry of the Si 3N4 surfaces and their interactions with
water and the Unamine 0TM dispersant were examined to understand the
dispersion and pressing properties of exposed and unexposed powder. The
unexposed powder surface chemistry was characterised to understand the
intrinsic, oxidative, and hydrolytic nature of the Si3N4 powder.
Interpretation of the DRIFT spectra of the S-i3N4 powder indicates that the
surface of the unexposed powder is amino in nature. In Figure 3, Kubelka
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F-igufre 3: FTIR D%IFT spectra of unexposed and exposed S1'3N4 powders from 1700
cm” ' to 1400 em™'.



Processing of Silicon Nitride Powders 51

Munk absorption peaks at 1650 cm’1. 1630 cm'1. and 1550 cm™1 are assigned to
an NH, bending, a free NH; bending and an NH bending mode
respective'ly“z's"sz). The absorption of the NH mode is dominant even
though this mode has a weaker absorption ooeffic-ient(sz) than the other two
modes. This indicates that there is a predominance of silazane (Siz—NH)
species and a negligible concentration of S*i-NHZ on the unexposed S~i3N4
powder surface.

Since triply bonded nitrogen surface species (S'i3N4) are not directly
detectable by infrared spectroscopy, the possibility exists that this specie
is also present on the surface of the unexposed S'i3N4. This 1is highly
unlikely, however, due to the strained nature of this group and the reaction
temperature (~1110°C) during powder synthesis. The powder density (2.92
gcm'3, ~92% theor) is close to that for crystalline SigNy and there is no
evidence of internal porosity in TEM. The hydrogen content measured for
these powders is 0.15 wtZ. A calculation of the expected H content was made,
based on the powder surface area of '|20ng-'|

The calculation was based on a site density of 4 surface hydrogens per square

and the Si 2NH surface chemistry.

nanometer. This indicates that a powder whose surface is made up of S1‘2NH
sites would have 0.19 wtZ H, in close agreement with the measured value. The
combination of the high density and the evidence that the 0.15 wt% H resides
at the surface, is strong evidence that amino groups reside only on the
powder surface, and not in the bulk of the powder. The surface of an
unexposed powder can be summarized as being predominantly silazane groups
(S'iZ-NH) with a minor constituent of silylamine groups (Si-NHZ) and some
small amount of adsorbed ammonia.

Weight gain experiments were carried out in an attempt to characterize
the reactivity of the S1'3N4 powder's surface to the atmosphere. The results
(Figure 4) indicate that the unexposed SigN, powder reacts very quickly with
water wvapor. The initial rapid weight gain regime (~1.5wtZ) can be
attributed to the hydroxylation of silazane species following the reaction:

Siy-NH + 2H,0 = 25i-OH + NHg 2

The hydroxylation of the silazane surface species to a level of 1.5 wtZ,
results in a calculated Siz—NH site density of 4 s-ites/nmz. Beyond 1.5 wtZ,
a slower weight gain regime results. This is attributed to physically (or
hydrogen bonded) adsorbed water. The amount of physically adsorbed water is
seen to be proportional to the relative humidity.
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Figure 4: Weight gain vs time of Si3N4 powders exposed to different relative
humidities.

The Karl Fisher measurements of the heated evacuated powder yield a
total water content of 3.73 wt%, while an exposed powder has a total water
concentration of 5.72 wtZ. Titration measurements indicate that the
physisorbed water content of the heated evacuated powder is 1.73 wtZ. Thus,
the remaining 2.00 wt% corresponds to the concentration of Si-OH sites. This
is considered to be in good agreement with the weight gain data (described
above).

The infrared spectrum of the 02 exposed powder in the region of 1700
o™ (Figure 5) is quite different from the unexposed powder spectrum. The
NH, and NH5 absorption peaks present at 1650 om™! and 1630 om™! for the
unexposed powder, have disappeared for the 02 exposed powder, but the NH
absorption at 1550 <:m'1 has not. This indicates that the small concentration
of S1‘-NH2 species present on the unexposed powder reacts to form Si-0 groups
after 02 exposure. However, no characteristic Si-0 stretching was seen at
1190 em™! for the 02 exposed, which is plausible, since very few Si-NH,
species exist on an unexposed powder surface.
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Figure 5: FTIlf DRIFT spect"a of unexposed and dry air exposed Si3N4 powders
from 1700 ecm ' to 1400 em .

The DRIFT spectrum of the exposed SisN, powder (Figure 6) is very
different from the unexposed powder spectrum as shown in Figure 3. The
stretching regime of the unexposed powder shows the absorption due to N-H
stretch at 3490 and 3395 cm_1. whereas the exposed powder displays a freely
vibrating Si-OH peak at 3760 en™! and a broad peak at 3350 om™ ! due to a
combination of H20 stretch, NH stretch, and associated Si-OH absorption. The
presence of molecular water for the exposed powder is confirmed by the
appearance of a peak at 1635 cm™! (Figure 6). The peak at 1550 om™ !
indicates that silazane groups are present on the exposed Si3N4 powder
surface. However, this peak was much less intense that the peak found in the
unexposed powder spectrum <indicating that reaction 2 has taken place
resulting in a lower concentration of silazane groups. This spectral data
confirms the hydrolysis chemistry inferred from KFT and weight gain

measurements,

3.3 Imidazoline-SigN, (Exposed and Unexposed) Surface Chemistry

DRIFT spectra were obtained on both exposed and unexposed powders with
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Fig?re 6: FTIR D%IFT spectra of unexposed and exposed Si 3Ng powders from 3800
cm ' to 3000 em .

adsorbed Unamine O™V (Figures 7 and 8). These spectra exhibit features
identical to the characteristic of the carbon backbone of the dispersant
mo'lecu'le(51'53). However, the spectral features exhibited by the nitrogen
bearing groups indicate that the dispersant interacts differently with
exposed powder than it does with unexposed powder (Figures 7 and 8
respectively). The 1607 cm"| spectral absorption in the unexposed case
corresponds to the C=N bond(54'55) in the imidazoline ring structure. The
presence of this absorption indicates that the ring structure of the
dispersant has not changed upon adsorption onto the unexposed powder. In
contrast, the spectra of exposed powder does not show a peak at 1607 cm'1,
but instead, shows two absorptions at 1645 en™! and 1545 cm™!
a secondary amide(51). The conclusion that these changes in the spectral

indicative of

features are due to the hydrolysis of the imidazoline ring was confirmed by
DRIFT spectra of a reaction product derived from Unamine o™ _ ammonia-

ethanol solutions. 56

Based on the literature discussed ealier, the adsorption phenomenon
observed in both the exposed and unexposed systems is believed to occur
through hydrogen bonding. For the unexposed system, the hydrogen bonding is
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believed to take place between the alcohol group of the Unamine 0TM and the
silazane groups of the powder surface. The exposed powder-adsorbate system
is complicated by the hydrolysis reaction which produces various powder
surface sites. In addition, ring fissure of the imidazoline results in a
secondary amide molecule. It is possible that this amide molecule could
interact with the exposed powder surface in a much different manner than the
imidazoline does with an unexposed surface.

3.4 Dispersion Properties

A series of visual observations on the powder dispersions combined with
rheological data summarize the impact that water contamination has on the
S'i3N4 dispersion properties. Unexposed powder dispersions showed no visible
sedimentation in a 0.5 hr time frame, while water contaminated (or exposed)
systems exhibited rapid sedimentation (Table 4). The unexposed system had
a lower relative viscosity than the exposed system (Figure 9).

Possible reasons for the dispersion behavior to be adversely affected
by water are: (1) incomplete coverage of the dispersant molecule due to
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Figure 9: Silicon nitride viscosity vs Unamine 0™ concentration.
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Slurry type Viscosity (cP) 30 min observation
Unamine 0™ content (3 vol% solution)
1 vol% 3 vol%
Exposed 7.79 4.27 Settled into loose,
large flocs.
Unexposed 2.40 2.20 Did not settle.
Water added 4.90 2.45 Settled into loose,

large flocs.

Table 4: S1'3N4 - imidazoline - hexane dispersion properties.

competitive adsorption by water, (2) multiple attachment of the dispersant
molecule, and (3) a change in the adsorbed layer thickness or a possible
reduction in Hamaker shielding of the particles due to the break up of the
dispersant molecule and/or modification of the surface groups on the powder.
Adsorption isotherm data does not show significant differences in surface

coverage between these two systems(se).

3.5 Processing

In an effort to determine the effectiveness of the hexane-Unamine 0"
system, exposed and unexposed powders were dry pressed as described earlier.
For the unexposed powder, extensive ammonia evolution due to hydrolysis
(Reaction 2) was detected by the pungent odor of ammonia during the
granulation process carried out in air. On the other hand, the exposed
powder exhibited no noticeable odor during granulation. Compacts prepared
from the exposed-adsorbate powder were easily removed from the die with no
endcapping, whereas all but the low pressure unexposed powder exhibited
extensive endcapping. This behavior was believed to be due to the ammonia

gas evolution.

The results of these pressing studies are seen in Figure 10, where the
theoretical density is plotted against pressure for unexposed-adsorbate, and
exposed-adsorbate powder. The results indicate that the exposed system has
s1lightly higher densities than the unexposed system. Based on the
rheological and visual data, this behavior was unexpected. Ammonia release


Joe Sulton



58 Advanced Ceramic Processing and Technology

50
2
‘B
1=
)
o
S 401
2
o
L
=
i B Exposcd powder
1S3 &  Unexposed Powder
30 T T d T Y T T T v T T
0 10 20 30 40 50 60

Pressing Pressure (KSI)

Figure 10: Packing density of 513N4 powders that were dispersed, dried and
die pressed at various pressures.

during pressing and variations in the granulation process may have caused
these discrepancies. To avoid the problem of ammonia evolution during
processing, unexposed powder must clearly be processed in inert atmospheres.
The potential for forming uniformly packed green bodies from this sytem can,
however, clearly be seen from the green density data presented. Without
dispersion processing, unexposed and exposed powders cold isostatically
pressed at a pressure of 347MPa only reach densities in the range of 35-
402(57). On the other hand, for both the unexposed or exposed powders, use
of a dispersion process followed by drying and die pressing yields green
densities as high as ~50%. These processing procedures are far from
optimized, and it is anticipated that even higher green densities may be
realized by using more advanced powder consolidation methods.

3.6 Powder Activity

While the FTIR and weight change studies discussed above indicate how
atmospheric exposure significantly affects the oxygen content of synthesized
powders, annealing studies were used to indicate how exposure affects the



Processing of Silicon Nitride Powders 59

SigNy powder's activity. Figure 11 shows the activity of an unexposed and
two exposed S-i3N4 powders. The difference between the two exposed powders
is that one was exposed to the atmosphere for only 48 hours prior to
annealing (termed short exposure) while the other was exposed for a period
of greater than two months (termed long exposure). It is seen that exposure
of the powders to ambient surroundings dramatically affects their activity.
Unexposed samples are extremely active, displaying a strong temperature
dependence as well as a large activation energy for the mechanism responsible
for the measured surface area reduction. However, when samples are exposed
to the ambient environment, the temperature dependence for surface area
reduction decreases. The decrease in temperature dependence is also a
function of exposure time indicating that the chemistry and or structure of
the exposed amorphous S1'3N4 powder may be changing over long periods of time.
X-ray diffraction and TEM analysis indicated conclusively that
crystallization was responsible for the measured surface area reductions.

Particularly interesting results were found when powders were annealed
~20°C-50°C below the onset temperature for surface area reduction. In
particular, powder compacts were observed to shrink during these soaks.
Figure 12 shows the linear shrinkage exhibited by short term exposure powders
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Figure 11: Surface area vs temperature for S1'3N4 powders.
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Figure 12: Linear shrinkage vs time for exposed S1'3N4 powders.

as

a function of time at temperature for several annealing temperatures.

Similar results were found for Tong term exposure powders as well as

unexposed samples. The following list contains possible explanations for the
observed behavior;

D)

2)

3)

4)

5)

6)

weight loss; unlikely since the highest recorded weight loss of all
samples tested was 5%,

coarsening; this mechanism is capable of surface area reduction but cannot
account for shrinkage,

rearrangement; due to the Tlack of mechanical stress to assist
densification it is doubtful this would contribute to shrinkage,
crystallization; while samples crystallized during annealing, conversion
from 2.9 g/cm3 to 3.18 g/cm3 cannot account for the observed shrinkage,
for 10%Z-15% shrinkage was observed in samples prior to crystallization,
oxygen presence; possibly attributable to exposed samples but not in the
case of unexposed samples,

viscous sintering; it is possible that the small particle size and
amorphous nature of the starting powder may permit sintering by a
densifying mechanism. In particular, viscous sintering may be responsible

for observed shrinkages prior to crystallization.
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Presently it is unclear what particular mechanism is responsible for the
shrinkages observed during the annealing of laser powders. The results are
very encouraging if they do in fact represent the possibility of sintering
S'i3N4 (and perhaps other covalent ceramics) in an amorphous state.

3.7 Hot Isostatic Pressing (HIPing)

The final densities of HIPed samples are shown in Figure 13 as a
function of temperature at pressure for exposed and unexposed samples. A
pressing pressure of 198 MPa and hold time of 60 minutes was used. Density
was determined by mercury displacement. As may be seen the contamination of
laser derived powders with oxygen from the ambient environment significantly
alters the densification behavior of the powder. Unexposed samples attained
a maximum density of 67% theor. at 2050°C, while exposed samples reached a
significantly higher density of 91% theor. at 2050°C. X-ray diffraction
analysis of HIPed samples indicates that both exposed and unexposed samples
attain higher percentages of the beta phase as the HIPing temperature
increases. The kinetics of the phase transformation (alpha to beta) for
exposed and unexposed samples, however, appear to be different.
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Figure 13: Density vs temperature for exposed and unexposed S"|3N4 powders
HIPed at 198 MPa for 60 min.
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Quantification of phase contents and conversion kinetics is currently being
carried out.

Densification kinetics of exposed and unexposed samples at a temperature
of 1950°C and pressing pressure of 198 MPa were investigated. Figure 14
shows HIPed final densities at 1950°C for pressing times of 1-180 minutes.
Exposed samples are observed to be extremely active compared to unexposed
samples. For both cases, the rate of densification falls off significantly
after a time of approximately 20 minutes. X-ray diffraction analysis again
indicates that the beta—Si3N4 content of samples increases with time at
temperature, and that the kinetics of the phase conversion from a to B-Si 3N4
differ for exposed and unexposed powders. Unexposed samples were observed
to convert to 100% B—Si3N4 after a time of 15 minutes while exposed samples
became a 100% B—S'i3N4 only after an hour.

Figures 15 and 16 show the microstructural evolution of exposed and
unexposed specimens respectively. After one minute at temperature, Figures
15a and 16a, individual particles are easily discernable for both exposed and
unexposed samples. Particle sizes have increased to an average size of
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Figure 14: Densification kinetics for exposed and unexposed Si3N4 powders
HIPed at T = 1950°C and p = 198 MPa.
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Figure 15: Microstructures of exposed SigN, powders HIPed for various times
at T = 1950°C and p = 198 MPa. a) 1 min; b) 10 min and ¢) 60 min.
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Figure 16: Microstructures of unexposed 813N powders HIPed for various times
at T = 1950°C and p = 198 MPa. a) = 1 min, b) = 10 min and ¢) = 60 min.
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~0.5um with some Jocalized sintering observed in the exposed sample. After
ten minutes at temperature, there is a large deviation between the
microstructures of exposed and unexposed samples (Figures 15b and 16b).
Individual particles are still quite discernable in the unexposed sample,
while particle individuality is no longer apparent in the exposed sample.
After one hour, Figures 15¢c and 16c, T1ittle change has occurred in the
microstructure of the unexposed sample, while the exposed sample has entered
final stage sintering. It is idnteresting to note that some localized
sintering has occurred in the unexposed samples. Since the unexposed samples
possess significantly less 02 than the exposed samples do, this is indeed an
encouraging result.

Considering the starting bulk density of samples (36% for unexposed
and 42% for exposed) it is not surprising that the unexposed samples did not
attain the high density of the exposed. This is especially true when one
considers the extremely low bulk diffusion coefficients which operate in
Si3N4. Obviously, the contamination of powders on exposure to the ambient
atmosphere plays an important role in increasing the rate at which the
dominate densification mechanisms operate. However, the need to create green
compacts of increased green density, possessing unagg lomerated
microstructures is quite apparent. However, the current results indicate
that laser derived S'i3N4 powders can be densified. While exposure of
synthesized powders to the ambient atmosphere enhances the densification
kinetics, unexposed powders are observed to display a limited amount of
sintering. Through improved processing (ie the consolidation of stabilized
dispersions of unexposed as well as exposed powders), green bodies of
improved microstructures may be utilized in HIPing to deliver superior HIPed

densities as well as microstructures(ss).

4. SUMMARY AND CONCLUSIONS

Silicon nitride powders possessing unique characteristics are
synthesized via laser-driver gas phase reactions. Synthesized powders have
the following (nearly ideal) characteristics: 1) 17 nm in size, 2) spherical,
3) loosely agglomerated, 4) narrow size distribution, 5) amorphous, and 6)
stoichiometric. These laser synthesized Si 3N4 powders are extremely reactive
with water (but not oxygen) in the ambient environment. FTIR spectra of
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unexposed powders show that the surface consists primarily of silazane groups
(viz Si2—NH). Weight gain experiments indicate that the unexposed surface
reacts quickly with water. FTIR, KFT, and weight gain data indicate an
equilibrium is established for an exposed powder, consisting of silanol,
silazane, and adsorbed water species. FTIR spectra of 0, exposed powder
indicate that only the small constituent of S-i-NH2 species oxidize, whereas
the predominant S'iz—NH surface species do not. The unexposed SigN, powder
hexane~Unamine OTM dispersions displayed significantly better rheological and
flocculation behavior than the exposed powder system. The enhanced
dispersion properties of the unexposed system (in comparison to the exposed
system) are related to the chemical modification of the imidazoline molecule
at the exposed powder surface. Processing results show that the dispersion
system has great potential for yielding high green density compacts. A great
deal of care must be taken in processing the unexposed system so as to avoid
problems associated with hydroxylation of the powder surface.

During nitrogen annealing of synthesized powders, exposed as well as
unexposed samples were observed to display linear shrinkages of up to 40%.
This result is scientifically very interesting, if it can indeed be proven
to result from a viscous sintering mechanism. The possibility of being able
to synthesize and easily densify covalent (non-oxide) ceramics in the
amorphous state, followed by subsequent crystallization is extremely
exciting.

Samples for HIPing studies were prepared by die and cold isostatic
pressing followed by encapsulating in evacuated, BN lined, pyrex ampules.
Hot isostatic pressing of laser synthesized S-i3N4 powders exposed to the
ambient environment produced rapid initial densification and high final
densities, ~91% theor. The microstructures showed that the discrete nature
of the crystalline particles is lost even after 10 minutes at temperature.
In constrast, the unexposed powders were found to only attain a final density
of ~64% theor. for the same HIPing conditions. Microstructural evidence
shows that the discrete nature of the particles was retained even after 60
minutes at temperature for the unexposed samples. In addition, there was
very little coarsening that occurred between 1 and 60 minutes for the
unexposed case. It should be noted, however, that some localized sintering
did occur for the unexposed samples after 60 minutes. This suggests that
higher final densities may be attainable if unexposed powders can be packed
more efficiently and uniformly into higher green density samples. It is also
possible that higher densities may be achieved if higher sintering
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temperatures and pressures are used.

As stated earlier, the green compacts for HIPing experiments were not
prepared via colloidal dispersion techniques. As a result, there are
certainly large packing heterogeneities in these green bodies which will
Timit end point densities. Based on our previous processing experience we
anticipate that if samples were prepared via colloidal routes, it is
anticipated that the exposed and unexposed samples could be HIPed to
densities of 99% theor. and 85X theor. respectively.

This research effort has clearly demonstrated that 02. whether from
water vapor or oxygen in the atmosphere, plays a critical role in determining
the S'i3N4 powder surface chemistry, powder surfactant interactions, the
consolidation behavior, and the densification kinetics and end point HIP
density. It will be very interesting to learn exactly what the minimum
oxygen content is, that is needed to reach full density via HIPing. It is
anticipated that these materials should exhibit extremely good high
temperature properties.
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1. INTRODUCTION

The aim in any component manufacture is to make a product which has the
desired shape, dimensions and properties. The first two characteristics are
determined mainly by the forming process, whilst the properties of the final
product, which in most cases is a polycrystalline (and often multiphase)
material, are dependent on other parameters, as indicated in Figure 1.

The intrinsic properties are defined by the choice of the chemical
system to be used. Subsequently, any control over the final properties can
be achieved only by controlling the product microstructure, by regulating the
different stages of the ceramic fabrication process. Therefore, once the
desired microstructure is known, the ceramist has to consider how to adjust
the fabrication conditions to produce it. The success of this approach
depends on a considerable understanding of the effect of the various steps
of the fabrication process on the microstructure and the interrelationship
between them.

Nearest to the final microstructure is the firing operation, and most
attention was initially concentrated on it. However, as a result of great
advances in understanding how the green microstructure evolves into the final
microstructure, as well as the recognition of the Timitations of sintering
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Figure 1: The properties of ceramic products. After Stuijts(”.

alone to control the characteristics of the final microstructure, a series
of recommendations for all the other steps of the process has been issued
(see, for example, reference 2). Initially, most of them were concerned with
the quality of the powder. Subsequent advances, now from the two extremes
of the fabrication process (powder, right at the beginning, and sintering,
the last operation), have demonstrated the central importance of the green
oompact(3'4). According to this view, the most profitable way forward would
involve a greater level of attention being given to the green compact (Figure
2).

2. THE GREEN MICROSTRUCTURE

The characteristics of the green compact are a consequence of the powder
characteristics and the manner in which the forming process assembles the
particles together to give them the required shape and approximate
dimensions. Two of the most important characteristics of the green body are
density and homogeneity (both chemical and physica1)(5). Green density is
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Figure 2: Relationship between different parts of the ceramic process.

a consequence of the solid’s density and the volume of pores per unit volume
of sample. It does not take into consideration the sizes nor the physical
distribution of the porosity. However, if on sintering all pores are to
disappear, the shrinkage must be equal to the volume of pores in the green
body. Therefore, if the volume of pores (the density) varies from place to
place in the green body, the extent of shrinkage will also vary. This
process will lead to the development of stresses in the body which will make
sintering to the theoretical density a much more difficult, if not
impossible, task. Flaws critical to the strength and reliability of the

component may remain.

Variations in size and/or physical distribution of pores will also lead
to different sintering rates in different regions of the same body, due to
the variations of diffusion distances. Stresses will also be developed in

these cases.

The presence of agglomerates and/or aggregates in a powder is widely
recognized as one of the major causes of physical inhomogeneities in green
compacts(s'a). These clusters of primary particles are usually formed during
the manufacture of the powder and they may or may not survive the forming
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operation. But in cases where they do survive they usually form a bimodal
pore distribution with pores inside the agglomerates having a smaller size
than those between them(7). During firing these agglomerates sinter to
nearly theoretical density at relatively low temperatures or at the early
stages of sintering, while the pores between agglomerates require for their
elimination higher temperatures and/or longer sintering times (see also
Chapter 1).

The above can be explained from fundamental sintering theory where the
rates of densification are inversely related to the scale of the structure
to sinter (the scaling law). Therefore, the small pores within the
agglomerates disappear before the larger ones between them.

Rhodes(s) has demonstrated the dramatic effects of eliminating
agglomerates on the powder sinterability (Figure 3). Zirconia powder in
which the agglomerates were eliminated by sedimentation reached full density
at temperatures much lower than the original powder, and presented a fine
grained and uniform microstructure.

It is important to mention here that the better sinterability of the

1500°C  1300°C 1100°C 950°C

PERCENT OF THEORETICAL DENSITY

© CENTRIFUGE CAST FINES ©

! © AS RECEIVED POWDER
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Figure 3: Effect of eliminating égghmerates on sintering of yttria-
stabilised zirconia. After Rhodes( .
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finer powder, freed of agglomerates by sedimentation, was also a consequence
of the different forming process used. To avoid the formation of new
agglomerates on drying, this powder was given shape by centrifugal casting.
This process, apart from facilitating agglomeration control, can generate a
more uniform distribution of particles and pores in the green compact.

As a result of the high specific surface energy of very fine powders,
which is the driving energy for sintering, and the scaling law effect(g),
which indicates that atoms have shorter distances to diffuse in compacts
consisting of smaller particles (and thus require shorter sintering times),
there has been a trend to work with ever finer powders. However, as
particles become smaller and smaller, the gravitational force acting over
them decreases very rapidly (as the cube of the diameter), whilst the natural
surface adhesion forces decrease approximately by the first or second power
of the diameter. This natural tendency of fine particles to stick together
forming agglomerates creates serious handling problems which may offset the

advantages predicted by the scaling law.

It is usually found that when particles become smaller, the size of the
inhomogeneities in the green compact do not decrease proportionally with the
particle's diameter. This may lead to the situation in which inhomogeneities
much larger than the primary particles themselves control the evolution of
the microstructure during sintering.

3. ORIGIN AND NATURE OF AGGLOMERATES

The bonds between primary particles may be classified by the medium
through which the linkage is made:

1) in gas (electrostatic and van der Waals)
2) in Tiquid (liquid bridges and capillary liquid)
3) in solid (solid bridges).

Rumpf and Schubert(To) suggested that, as a first approximation, the adhesion
forces increase from T to 3 above. Only the bonding due to "solid" bridges
resulting from the use of viscous binders occurs intentionally, all the other
mechanisms usually being a consequence of small size particles and the



78 Advanced Ceramic Processing and Technology

manufacturing process.

A popular route for producing ceramic powders is chemical precipitation
from homogeneous solutions. In this process the powder, or its precursor,
is obtained during precipitation in a liquid medium. The drying operation
that follows, as well as the calcination, if required, is usually most
critical for control of the characteristics of the clusters of primary
particles formed(n). The liquid medium itself, in the drying stage, as well
as the drying conditions, has been shown to be of great importance in
determining the characteristics of the agglomerates, e.g. for ultrafine
grained zirconia powders Haberko“z) has found that the agglomerates formed
on drying from aqueous suspensions were much harder than when ethyl alcohol
was used. Roosen and Hausner(7) have demonstrated the effects of different
drying methods, with freeze drying giving a powder free of agglomerates and
easier to sinter.

Liquid bridges can hold the particles together by capillary action.
Very little 1liquid is needed for this type of bonding because it is
concentrated at the contact points between primary particles. These
capillary forces may be able to give the compact good mechanical strength
when the particles are very small, as a consequence of the larger number of
contact points per unit volume of the compact.

Solid bridges may be formed during drying by the crystallization of
salts dissolved in the liquid of the original solution. During drying the
concentration of these salts increases and the remaining liquid, in which
they are dissolved, is driven to the contact points between primary particles
by capillary action. Finally, the concentration becomes too high for the
salt to remain in solution and precipitation starts forming crystals which
touch both particles linking them together.

Solid bridges can also be formed during calcination, as a result of
local sintering. Agglomerates formed before calcination will become harder
after this stage. In this respect the temperature and duration of
calcination is critical.

Therefore, there are only three possible alternatives to avoid the
presence of aggregates in ceramic powders:

a) to avoid their development during powder fabrication,
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b) to eliminate them by sedimentation, and
c) to try to crush them by milling.

Most powder preparation routes used nowadays for advanced ceramics
produce a suspension which has to be dried. Even if one, at this stage,
separates the larger particles and agglomerates by sedimentation or any other
technique, they may be formed again during drying. One possibility is to
avoid drying the suspension before forming by using processes such as slip
casting. In this manner it is possible both to separate the undesirable
agglomerates and to produce a uniform green compact.

4. DEVELOPMENT OF THE GREEN MICROSTRUCTURE

As shown in Figure 2 the characteristics of the green compact are a
consequence of the powder characteristics and the forming process. The
forming processes most used in the ceramic industry can be divided into two
general groups: dry and wet. Among the dry, die pressing is one of the most
used, and in the wet group slip casting is one of the most popular.

4.7 The development of the green microstructure in dry press*ing(13_15)

Because of the poor flowability of very fine powders and the deleterious
effects of a nonuniform filling of the die, it is usual to go through a
process of granulation of the powder before actually introduc;ing it into the
die. The granulated powder flows better mainly because the granules are much
bigger than the particles giving a smaller number of contact points (points
of friction) per unit volume and the granules have a round shape. The most
popular of these granulation processes is spray drying.

The changes that take place in the internal structure of the compact
during compaction are usually divided into three stages:

STAGE 1: Initially, the granules each containing thousands of primary
particles linked together and behaving as if they were one single larger
particle, are poured into the die and distribute themselves in such a manner
as to achieve an equilibrium. This equilibrium is established through the
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balance of the granule weight and the forces acting at the contact points
with other granules and/or the die wall. During this stage the arrangement
of primary particles in the granules does not change. The only variations
are due to changes in the arrangement of the granules.

STAGE 2: At the beginning of this stage the granules are locked together as
shown in Figure 4, and start to resist the application of pressure. The
concentration of force at the contact points, resulting in high local
pressures, leads to the fracture of some granules which makes the system
unstable and produces rearrangement of the granules. The new arrangement
will have a higher contact area between granules, and thus will resist
stronger forces before the contact points are broken again and more

rearrangement takes place.

STAGE 3: Now no further rearrangement of granules can take place and they
are disintegrated by the application of forces strong enough to break the
bonds between the primary particles. Ideally at this stage we should have
a redistribution of the primary particles in such a manner as to form a
uniform structure. However, since the primary particles are usually very
small and as a consequence the compact has a very high number of contact

F'iguﬁ?": Forces acting on a particle during compaction, after Reed and
Runk . F and T represent normal and shear forces, respectively.



Wet Forming Processes as a Potential Solution to Agglomeration Problems 81

points per unit volume, friction inhibits the movement of the particles and
makes the achievement of a uniform distribution of particles and pores quite
difficult. There is also the natural attraction forces acting between
particles which become more important the smaller the particle.

If the powder used has agglomerates with different strengths a structure
of locked particles may develop which will protect from fracture the harder
agglomerates situated within this matrix of softer agglomerates and fine
particles. Under these conditions the agglomerates will constitute a non-
uniformity in the green compact which, through differential densification
rates during sintering, may build up enough stress to produce flaws which
will limit the use of the ceramic part“s).

4.2 The development of the green microstructure in slip casting

In slip casting, initially, it is necessary to make up a suspension of
the powder in a liquid and then, by a sort of filtration, a compact layer of
the powder is deposited on the surface of a porous mould (Figure 5). The
green microstructure in this case is basically developed as the 1liquid is
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Figure 5: Schematic representation of the casting process. P represents the
pressure at the slip-cast (s) and cast-mould (m) interfaces, and J the flux
of liquid flowing through the cast layer of thickness x.
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drawn into the mould by capillary action and the characteristics of the slip

are known to play a major ro'le(”).

Since the fine dry powder agglomerates spontaneously, and for slip
casting it 1is necessary to make up a reasonably stable suspension, a
dispersion process is necessary. Parfitt(w) has divided the overall process
of dispersion into three stages: wetting of the powder, breaking of the
clusters and stabilization.

The wetting process depends on the nature of the liquid phase, the
character of the solid surface, the dimensions of the interstices in the
clusters, and the nature of the mechanical process used to produce the
wetting of the particles. Once the particles are wet some form of mechanical
energy is usually required to bring about their effective separation. The
state of agglomeration of the primary particles in the liquid will depend on
the stability of the dispersion against coagulation.

When two particles approach each other, due to Brownian motion,
sedimentation or processing forces, they flocculate or repel depending on the
character and magnitude of the interparticle forces. The general equation
describing these forces consists of attractive and repulsive terms:

Ve =V, (van der Waals) + V.. (electrostatic) + V. (steric) + V.. (solvation)

where V stands for interaction energy and the subscripts t, a and r for
total, attractive and repulsive, respectively. In this equation the terms
Va (van der Waals) and V. (solvation) are characteristics of the system and
generally cannot be changed. Usually, the solvation forces are relatively
small, although in some non-aqueous solvents of moderate or low dielectric
constant, they may contribute significantly to the stability.

The only possible way of avoiding coagulation is by developing repulsive
forces between particles, either Ve (electrostatic) or V. (steric), which are
strong enough to leave a repulsion resultant as Vt‘ This can be done by pH
control, in the first case, and by using macro-molecules which may be
adsorbed on to the particle's surface in the seoond(1g'20).

By controlling the agglomeration state of the particles in suspension
we are able to adjust the characteristics of the powder which will be driven
towards the mould wall by the flow of fluid into the mould, and which will
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pack together to build up the green compact.

5. THE FORMING PROCESS AND GREEN MICROSTRUCTURE HOMOGENEITY

As mentioned before, the characteristics of the green compact are a
consequence of the powder characteristics and the forming operation (Figure
2), and uniformity is one of the most important of these characteristics(4).
The presence of agglomerates in the powder, which are not eliminated before
or during the forming operation, is one of the main causes of inhomogeneity
in the green compact. To avoid this, one can control the powder fabrication
process, grind the powder, or separate out the agglomerates. The
effectiveness of the dry grinding in eliminating agglomerates is poor. As
agglomerates may be formed during drying, they could be avoided by avoiding
drying. Also, as sedimentation is one possibility for eliminating
agglomerates, forming directly from suspension would allow the separation of
the larger particles, and the agglomerates with them, before forming straight
from suspension by slip casting.

To illustrate some of the ideas given above, the results of a group of
experiments conducted to distinguish between the sort of structure produced
when slip casting and die pressing have been used to shape the same powder,
as well as their evolution on sintering, are quoted below.

6. EXPERIMENTAL PROCEDURE

The powder used was titania (rutile, R-SM2 from Tioxide, Cleveland,
UK). Two forming methods were used: dry pressing and slip casting. For
pressing, a pressure of 64 MPa was applied, and for slip casting the
dispersion stability was adjusted by pH control using NH40H additions to
achieve pH = 9.2 and 10.0. The suspensions with pH = 9.2 and 10.0 had
densities of 1.64 and 1.13 gcm'3 (solid contents of 51 and 16.4 weight %) and
high and low casting rates, respectively. The slips were ultrasonicated
before and after pH adjustment. Compacts were heated at 10°C per minute for
sintering at 1200°C for periods of 0 (to indicate changes occurring as a
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result just of the heating process), 30, 90 and 300 minutes, followed by
direct removal from the furnace. The green microstructure and its evolution
on sintering was characterised by mercury porosimetry and observation of
fracture surfaces with the Scanning Electron Microscope (SEM).

7. RESULTS AND DISCUSSION

Figure 6 shows the fracture surface of green compacts of the same powder
formed by pressing and by slip casting. The differences in regularity are
striking. As the crack responsible for the fracture always follows the
weakest region near its tip, the more regular fracture surface of both
samples produced by slip casting can be seen as an indication of better

uniformity.

Chappell et a'|(21) have suggested that for an ordered array to be
formed, particles have either to reach the growing compact at an appropriate
position or they have to diffuse to such a position after arrival. For all
the particles to arrive at the appropriate position is‘themodynamica‘l'ly
improbable, so they have to diffuse. For this to be possible the particles
arriving need to have freedom of movement, time to reach the position of
optimum fit, and finally have to be held in that position. Consider
producing not a perfect array of particles, but a random array instead; there
are two basic requirements: a) a slip containing a uniform (random)
distribution of primary particles (and only primary particles), and b) a
mould with a homogeneous capillary action.

The uniformity of the distribution of primary particles in the slip is
directly related to its stability and therefore requires strong uniform
repulsion between particles.

In the experimental procedure described above, the pH = 10.0 slip is
closest to the ideal situation. It has the strongest repulsion forces, which
gives the particles the necessary freedom of movement on arrival at the
growing cast, because they are repelled by those particles already forming
it, and its lower solid content (density) gives the particles more time to
search for the best fitting positions before they are trapped by the
subsequently arriving particles.



Figure 6: Fracture surfaces of green compacts formed by pressing (a) and by
pH = 10.0 (c). Bar = 50 um.

s1lip casting, at pH = 9.2 (b) and
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The uniformity of the green compact produced by pressing could certainly
be improved by the use of binders, a better controlled granulation process
and isostatic pressing. However, even then it would be very difficult to
achieve a degree of uniformity similar to that achieved by the slip cast
samples.

Figure 7 shows the pore size distributions for the pressed and s1ip cast
green compacts. Here it is interesting to notice that both the total volume
of porosity and the mean pore radius vary, such that the better dispersed and
more dilute suspension, pH = 10.0, presents the smallest pores and the
highest green density, as predicted by the reasoning given above. Other

exper'iments(22)

using a similar powder, but with a different particle size
distribution, obtained by removal of some of the coarser fraction from the
as-received powder by sedimentation, have shown that under similar dispersion
conditions the pore size distribution of the green compacts were almost
identical to those of Figure 7. Therefore, the dispersion conditions are
seen to be the main feature in determining the characteristics of the green

compact.

The variations of the mean pore aperture radius during isothermal
sintering at 1200°C as a function of sample density are shown in Figure 8,

CUMULATIVE SPECIIC PORE VG.UME/cm’g"

10°
EQUIVALENT PORE APERTURE RADIUS /pm

Figure 7: Effect of the forming process on the pore size distribution.
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Figure 8: Variations of the mean pore aperture radius with bulk density for
samples at 1200°C.

the corresponding sintering times are given in Table 1. The pressed sample
exhibited the greatest pore growth rate and the slip with pH = 10.0 shows a
decrease of the mean radius. In fact, since the size of the primary
particles was the same and the mean pore aperture radius resulting from the
various forming conditions was different, the ratio of actual pore/grain
radius has been varied, and in accordance with the model developed by Kingery
and Francois(23) it is only below a certain value of this ratio, which is a
function of the (unchanged) dihedral angle, that conditions become favourable
for pores to shrink. For oxides, the dihedral angle lies in the range 140-
160°, and at 150°, the critical ratio is about 1.45(23).

The pore radius given by the porosimeter represents the "penetration
radius" of the aperture through which mercury must penetrate to fill the
pore, which is smaller than the actual pore radius which would be more
critical in relation to the grain radius as regards coarsening rather than
shrinking. Random packing of particles with pores the same size of the
particles gives a predicted packing density near 0.6(23). and since the
fractional green density of slip cast sample of pH = 10.0 is about this
value, the assumption is made that for this sample, the pore and grain radii
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are equal, i.e. for the grain radius of 0.12 um, the pore/grain radius ratio
is 1.0. This also provides a correction factor for the other samples to
obtain their respective pore/grain radius ratios from the porosimeter
penetration radius, which are calculated to be 1.53, for the sample slip cast
at pH = 9.2, and 1.65 for the die pressed compact(zz). So, only the pH =
10.0 sample fulfils the requirement that the pore/grain radius ratio is less
than 1.45, and indeed only this sample exhibits a decrease in mean pore

radius on sintering.

The observed behaviour of the slip cast sample with pH = 9.2, where
densification temporarily ceases, could not yet be properly examined, but
very similar results were obtained for samples made with a similar powder

with a different particle size distribut*ion(zz).

Figure 9 shows the fracture surfaces of samples partially sintered. The
differences 1in grain sizes are quite clear. The grain growth rate is
strongly influenced by the presence of pores. To analyse the observed
behaviour in a more quantitative way a simple geometric model was
deve'loped(zz). The model consists of a cubic array formed by equispaced
intersecting cylinders of a radius equal to the mean pore radius, which
represent the pores. This model uses a geometry which is similar to that
employed to transform the results from mercury porosimetry (originally
pressure and volume of mercury) into the so-called pore aperture size
distribution. The spacing between the cylindrical pores is adjusted until
the volume of the cylinders corresponds to the total pore volume as given by
the porosimeter (or from the bulk density). The spacing in the green
compacts may then be compared with the particle size, and the evolution on
sintering of the calculated pore spacing and the calculated pore density for
each forming process evaluated on the basis of this idealised model.

Table 1 gives the variations in mean pore spacing and pore density
(number of pores per unit volume of sample) with time at 1200°C, for the
samples formed under different conditions. The interaction between grain
boundaries and pores is very dimportant in establishing microstructural
evolution (grain growth versus densification). Because pores usually cannot

(25) . Also, for

move as fast as grain boundaries they slow down coarsening
a pore to be eliminated it has to remain near a boundary which acts as a
source of atoms (ions) and sink of vacancies. Therefore, if a pore is left
in the centre of a grain it will 1imit the maximum density to be achieved.

Thus, in an ideal situation one should have a large number of pores which



Figure 9: Fracture surfaces of samples partially sintered at 1200°C for 90 minutes, with similar densities.
Samples were pressed (a), slip cast pH = 9.2 (b) and slip cast pH = 10.0 (c). Bar = 3 pm.
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Forming Time Bulk Spacing Pore density
density
' min gcm_3 um cm'3
Pressed ¢ 2.07 0.33 8.6E13
64 MPa 0 3.42 0.96 (66) 3.4E12 (-96)
30 3.59 1.54 (38) 8.3E11 (-76)
90 3.72 2.53 (39) 1.9611 (-76)
300 3.80
Slip cast ¢* 2.15 0.31 1.0E14
pH = 9.2 0 3.22 0.46 (66) 3.0E13 (-71)
30 3.72 1.18 (61) 1.8E12 (-94)
90 3.72 1.47 (20) 9.4E11 (-49)
300 3.87
Slip cast [ 2.47 0.22 2.8E14
pH = 10.0 0 3.22 0.38 (42) 5.6E13 (-80)
30 3.84 0.49 (23) 2.5€13 (-55)
90 3.88 0.52 ( 6) 2.1€13 (-17)

Table 1: Values calculated from the cylindrical pore mode1(22) for mean pore
spacing and pore density (number of pores per unit volume of sample). The
numbers in brackets are the percentage increase between successive values.
Mean particle diameter = 0.24 um. * Green samples.

remain attached to the boundary during sintering. This is the case of sample
pH = 10.0. The green pore spacing corresponds almost exactly to the mean
particle diameter, 4implying a regularity of pore/grain association not
achieved in other samples. It presents the smallest decrease of the number
of pores per unit volume of sample during sintering (Table 1), the smallest
grains (Figure 9) and the highest final density. This was certainly a
consequence of the smaller pores in the green compact and the good uniformity
of particle packing given by slip casting as well dispersed powder.
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8. CONCLUSIONS

Fromthe point of view of producing a dense and uniform microstructure
with fine grains, the best results in the present work were achieved by slip
casting. However, what lies behind the different forming techniques is the
degree of uniformity of the green microstructure they can produce. Thus, in
the conditions used here slip casting leads to a higher uniformity. However,
this may not always be the case. If pressing is used carefully, with a free
flowing powder free of agglomerates, the appropriate binders and lubricants
in the correct amount, uniformly distributed, and the design of the body and
the application of pressure is such that there is not a significant variation
in the distribution of particles and pores in the green body, results similar
to those achieved for slip casting could be expected. However, the finer the
powder, the more difficult it becomes to achieve the conditions just
described. Therefore, it becomes difficult to take full advantage of the
high sinterability of fine powders. On the other hand, slip casting, and
more generally the wet forming processes, are suitable for producing
reasonably uniform green microstructures free of flaws even with very fine
powders, and allows the elimination of agglomerates and larger particles by
sedimentation and/or milling, before the actual shaping takes place. Using
colloidal chemistry concepts a uniform and dense green microstructure,
containing pores of the same order of magnitude as the particles, can be
produced. This type of structure favours densification and inhibits grain
growth, keeping a large number of pores attached to the grain boundaries.

ACKNOWLEDGEMENT

The practical work was supported by CAPES-Brazil and undertaken in the
Division of Ceramics, School of Materials at the University of Leeds, UK,
under the supervision of Dr. W.E. Worrall. Thanks are due to Professor R.J.

Brook for his critical advice and constant encouragement.



92 Advanced Ceramic Processing and Technology

REFERENCES

1. Stuijts, A.L., Ceramic microstructures. In Ceramic Microstructures '76;
Fulrath, R.M. and Pask, J.A. (Eds), Westview Press, Boulder, p 1, 1977.

2. Yan, M.F., Sintering of ceramics and metals. In Advances in Powder
Technology, Chin, G.Y. (Ed), American Society for Metals, p 99, 1982.

3. Onoda, G.Y. and Hench, L.L., Ceramic Processing before Firing, Wiley, New
York, 1978.

4. Roosen, A. and Bowen, H.K., Influence of various consolidation techniques
on the green microstructure and sintering behaviour of alumina powders.
J. Amer. Ceram. Soc. 71 250 (1988).

5. Kingery, W.D., Firing - the proof test for ceramic processing, In Ref. 3,
p 291.

6. Rhodes, W.H., Agglomerate and particle size effects in sintering yttria-
stabilized zirconia. J. Amer. Ceram. Soc. 64 19 (1981).

7. Roosen, A. and Hausner, H., Low temperature sintering of zirconia. Ceramic
Forum Int. 4/5 184 (1985).

8. Pampuch, R., Zr0, micropowders as model systems for the study of
sintering. Science and Technology of Zirconia II, Claussen, N., Riihle, M.
and Heuer, A.H. (Eds), Advances in Ceramics 12 773 (1984).

9. Herring, C., Effect of change of scale on sintering phenomena. J. Appl.
Phys. 21 301 (1950).

10. Rumpf, H. and Schubert, H., Adhesion forces in agglomeration processes,
In Ref. 3, p357.

11. Roosen, A. and Hausner, H., Techniques for agglomeration control during
wet-chemical powder synthesis. Adv. Cer. Matls. 3 131 (1988).

12. Haberko, K., Characteristics and sintering behaviour of zirconia ultrafine
powders. Ceram. Intl. 5 148 (1979).

13. Reed, J.S. and Runk, R.B., Dry Pressing. In Ceramic Fabrication Processes,
Wang, F.F.Y. (Ed), Treatise on Matls. Sci. and Techn. 9 p71, Academic
Press, (1976).

14. Macleod, H.M., Compaction of ceramics. In Enlargement and Compaction of
Particulate Solids, Stanley-Wood, N.G. (Ed), p 241, Butterworths, (1983).

15. Frey, R.G. and Halloran, J.W., Compaction behaviour of spray-dried
alumina. J. Amer. Ceram. Soc. 67 199 (1984).

16. Lange, F.F. and Metcalf, M., Processing-related fracture origins: 11,
Agglomerate motion and crack-1ike internal surfaces caused by differential
sintering. J. Amer. Ceram. Soc. 66 398 (1983).

17. Worrall, W.E., Flow properties of acid-flocculated alumina slips. Trans.
Brit. Cer. Soc. 62 659 (1963).

18. Parfitt, G.D. (Ed), Dispersion of Powders in Liquids, Applied Science,

(1981).



19.

20.

21.

22.

23.

24.

25.

Wet Forming Processes as a Potential Solution to Agglomeration Problems 93

Overbeek, J.Th.G., Strong and weak points in the interpretation of colloid
stability. Adv. Colloid and Interface Science 16 17 (1982).

Sato, T. and Ruch, R., Stability of Colloidal Dispersion by Polymer
Adsorption, Marcel Dekker, New York, (1980).

Chappell, I.S., Birchall, J.D. and Ring, T.A., The origin of defects
arising in colloidal processing of submicron, monosize powder. Novel
Fabrication Processes and Applications, Davidge, R.D. (Ed), Brit. Cer.
Proc. 38 49 (1986).

Boschi, A.0., Effects of Different Forming Processes on the Sinterability
of Rutile. Ph.D. Thesis, University of Leeds, (1986).

Kingery, W.D and Francois, B., The sinterability of crystalline oxides.
I. Interactions between grain boundaries and pores. Sintering and Related
Phenomena. Kuczynski, G., Hooton, N.A. and Gibbon, C.F. (Eds) p 471,
(1967).

Boschi, A.0., Gilbart, E. Worrall, W.E. and Brook, R.J., Pore stability
during the sintering of Ti0,. High Tech Ceramics, Vincenzini, P. (Ed),
Matls. Sci. Monographs 38 893 (1987).

Brook, R.J., Controlled Grain Growth. In Ref. 13, p 331.



4

Processing of Electronic Ceramics

D. Cannell! and p. Trigg‘

t Morgan Matroc Unilator Division, Vauxhall Industrial
Estate, Ruabon, Wrexham, Clwyd, LL14 6HY, UK.

* Filtronic Components Ltd, Royal London Industrial
Estate, Acorn Park, Charlestown, Shipley, West
Yorkshire, BD17 7SW, UK.

1. INTRODUCTION

Electronic ceramics enjoy widespread commercial exploitation in
components such as thermistors, capacitors, transducers, variators, etc.
Their use in these areas has developed for a variety of technical, historical

and economic reasons. Amongst the most prominent are:

1) The novel electronic properties of electronic ceramics. Many of these
materials cannot be prepared by single crystal routes because of a) their
complicated chemical composition or b) their dependence upon their granular
structure for their properties, e.g. grain boundary layer capacitors, Zn0
varistors, BaT103 PTC thermistors.

2) The relative ease with which these properties can be tailored to suit
specific applications. This is particularly true in the case of some crystal
structures. The perovskite structure is an example where a wide range of
solid solutions can be accoomodated. In this structure cation dopants can be
used to great effect. For example, donors or acceptors can be used to
produce "soft" or "hard" piezoelectric lead zirconate titanate.

3) The economical methods by which components may be fabricated.

The properties of many electronic ceramics permit the construction of
devices which otherwise may not be realised. This is in marked contrast to
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structural ceramics where the potential for greater strength at high
temperature over an existing metallic component offers a substantial
improvement in performance. The problem for the structural ceramist is to
attain acceptable levels of reproducibility and reliability of components
working at high stresses. This has to be achieved within the broad
geometrical and volumetric constraints imposed by the existing design, e.g.
a turbine blade in a turbocharger. This problem can be reduced to one of
fabricating large volumes of ceramic free of microscopic defects. These
difficulties have not inhibited the application of electronic ceramics as,
in many cases, their development and application has been dependent upon the
availability of a material. Thus, devices have been designed on the basis
of what can be achieved with acceptable reproducibility and reliability from
an existing material. As a consequence electrical stresses are relatively
Tow, e.g. a multilayer ceramic capacitor designed to work at 50 V is usually
specified to be used in a circuit at 5 V but will have a breakdown voltage
in excess of 300 V. There are, however, circumstances which require improved
electronic ceramic processing to produce more reproducible and reliable
components. The first of these is the need to reduce the size of components
which inevitably will raise the stress levels at which they must work. This
is true for devices made from thin ceramic layers. For larger components
there 1is also the constant desire for tighter tolerances on electrical
properties and reproducibility, not only within, but between batches of parts
over long time periods. How, then, can modern ceramic processing meeting

these challenges?

Perhaps the simplest approach is to start from the basis of a typical
ceramic process route which uses solid oxides as its precursors (Figure 1).
From here there are two ways in which one can proceed. The first of these
is to consider what improvements can be made to the powder processing-
fabrication-sintering scheme. The second is to abandon this scheme and use
technologies akin to those used 1in semiconductor fabrication, e.g.
sputtering(1), MOCVD(Z), etc. This option is one that is being increasingly
pursued, especially for producing thin layers; indeed thin film chip
capacitors using Si02 and Si3N4 deposited by CVD are now avai]ab1e(3).

Developments in this field, permitting controlled deposition of complex
chemical compositions will lead to greater exploitation of these processes.
Although these techniques will not be discussed further here, (see chapter
9) there are lessons arising from them which can be applied to the powder-
fabrication-sintering route. The most important of these is the small number
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Weigh out mixed oxide precursors

|

Wet mill and mix

|

Dry

|

High temperature calcination

|

Wet mill (with binders)

Dry

|

Form

l

Remove binder

|

Sinter

|

Finish and test

Figure 1: Standard mixed oxide processing route.

of process steps involved from the precursor to the final product. Ceramic
processing proceeds stepwise, with each new step acting upon the results of
the preceding step. If reproducibility and reliability of the end product
are to be realised, it is clear that:

a) The process should contain as few steps as possible.

b) The process should contain checks at each step in order to monitor the
process and ensure that the product properties are within acceptable limits.

c) Most careful control is needed during the earliest stage of the process
as the cumulative effect of variations here is of great significance on final

production properties.

Item c) is especially pertinent to ceramic processing as it is well
documented that flaws present in unfired compacts persist during sintering
and so cannot be removed. Whilst there may be some scope for developing
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defect-tolerant ceramic compositions, improvements in ceramic processing are
likely to be of much greater widespread benefit. In the sections that
follow, processing techniques and improvements are discussed (see also
chapter 1).

2. POWDER PREPARATION

The first step in ceramic powder processing involves powder preparation.
It is vital for the final product that the powder is of the highest quality
and therefore initial powder preparation must be carefully controlled. Some
of the powder characteristics of particular relevance are shown in Figure 2.
In general terms the powder required will have a small primary particle size
of the order of 0.5 - 5 um, a narrow, monomodal size distribution and be free
of weakly bonded agglomerates or strongly bonded aggregates. Chemically,
each particle should have the same composition as the average for the batch.
To ensure uniformity of properties in the final product the same degree of
chemical homogeneity or heterogeneity is desirable for each particle.

a) Primary Particles

Chemical - purity
- homogeneity/heterogeneity of dopants
- particle/particle homogeneity
- bulk absorbed species
- surface adsorbed species

Physical - size distribution

- surface area
- shape

b) Agglomerates

Chemical - mixing/segregation of particles in multicomponent system
Physical - size distribution
- shape

- surface area
- internal porosity
- interpaticular bond strength

Figure 2: Powder characteristics.
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A11 of these properties are more easily achieved using liquid rather
than solid precursors. The ability to control size and shape of particles
by controlling the nucleation and growth is especially attractive as it
permits the ceramist to tailor the properties of the powder. Achieving the
desired size by growth rather than by reduction also makes the production of
very fine powders more practicable. The principal benefits of these powders

are shown in Figure 3.

The many and varied chemical preparation routes for the production of
electronic ceramic powders are too numerous to discuss in detail here.
Typical precursors include ch'lorides(4), organometallics such as oxa1ates(5)
and alcohol-based oomp’lexes(s). The processes involved include hydrothermal
synthesisU), coprecip*itat'ion(e), precipitation of one component followed by
coatings of successive dopants, sol-gel preparat'ion(g). po'lymer'isation(m),
etc. It will be some time before the benefits of the processes can be
assessed. Questions concerning their flexibility for producing different

compositions, the quality of results and the problems of cost and scaling up

still need to be resolved.

offer potentially much improved powders compared to those prepared by

What is not in doubt 1is that chemical methods

traditional mixed oxide routes.

Impurity level

Particle size

Particle shape

Chemical homogeneity

Chemical heterogeneity

Mixed Oxide

Very source dependent

Dependent on ability to
reduce pre-existing
particle size - usually
large

Dependent upon fracture
mechanism of material,
method of comminution

Depends upon high
temperature reactions
with diffusion over
particle-sizedistances

Often produced, rarely
controlled

Chemically prepared

Can be controlled to
acceptable level

Dependent on ability to
control particle growth
- can be very small

Can be controlled by
careful chemisty

Molecular mixing, low
temperature reactions,
short diffusion
distances

Surface doping possible
for boundary layer
materials

Figure 3: Comparison of mixed oxide and chemically prepared powders
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Since the pioneering work on the production of spherical, monisized Ti02
powders(11), it has been realised that "ideal" powders per se cannot be the
complete solution to the problem of producing reliable electronic ceramics.
However, they allow the ceramist much greater control at the earliest step
in the processing route. It is when the powder 1is converted into a green
compact that the greatest difficulties still remain and where the greatest
attention is at present being focussed. In the next sections these powder
processing steps are discussed with reference to mixed oxide and chemically
prepared powders.

3. MIXING AND MILLING

Mixing and milling are often processes which are carried out
simultaneously using one piece of equipment such as a ball mill. The
principal aims of the milling process are:

1) To reduce the primary particle size (if required).

2) To reduce agglomerates or aggregates in size, ideally to primary
particle size.

3) To achieve the desired particle size distribution.

4) Having achieved 3) above, to retain the new particle size distribution
in a stable state via proper dispersion.

Item (4) is also important to achieve good mixing, the aims of which are:

1) To ensure that the best degree of mixing possible (a random homogeneous
mixture) is achieved.

2) To ensure that the scale of mixing is sufficiently small to guarantee
that any subsequent calcination will produce the correct proportions of

new and original phases.

Clearly item (2) is itself dependent upon the milling process as well.
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Ball milling is extensively used for mixing and milling electronic
ceramics. Care has to be taken to avoid contamination to which materials are
very sensitive even at the 0.01 wtZ level. The approach is usually to
either: a) try and minimise any pick-up by using rubber l1ined mills and very
wear resistant milling media such as zirconia or agate; b) to use media of
the same composition as one of the components or the composition of the
powders being milled; c) deliberately use media which introduce a predictable
amount of material which aids the sintering and/or final electrical
properties of the product, e.g. the milling of zirconium tin titanate using
steel ba'|1s(12). With judicious choice of shape and size distribution of
milling media used, submicron powders can be produced even from mixed oxide
material calcined at high temperatures.

Two of the main disadvantages of ball mills are their relative
inefficiency and the possibility that they may produce too broad a particle
size distribution, promoting abnormal grain growth during sintering. This
is largely due to the tumbling action of the media which leads to point
contact only, ie the particle milled is that which happens to fall between
the contact points. Whilst this can be improved to an extent by using
cylindrical media, vibratory energy mﬂ'ls(13) offer the benefits of much
faster milling times and narrower size distributions. Such mills use
cylindrical media packed 1in an ordered structure so that their mean
displacement within the mill is zero. As the body of the mill vibrates,
large amounts of kinetic energy are transferred to the media. These make
Tine contact with each other, ensuring that large particles are crushed
first. Due to the fact that these mills do not rotate it is possible to
process large volumes of slip using small mills and stirring tanks with
recirculating pumps. This offers the possibility of continuous monitoring

of the properties of the dispersion and so greater process control.

Another milling technique used for electronic ceramics is jet milling.
The material to be milled is made to flow in two opposing jets, the kinetic
energy of impact breaking down the particles. This is ideal for materials
which cannot tolerate even very low levels of contamination.

A11 the above techniques rely on high kinetic energy impact for milling
and are suited to reducing the ultimate particle size of many solid oxide
precursors. With the advent of fine, chemically prepared powders, there is
less emphasis on the need for primary particle size reduction but rather
deagglomeration. Whilst fine powders may not have strong chemical bonds
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between them, van der Waals forces can be very large. Ultrasonic m‘i'l'h‘ng(”')
is increasingly proving to be a useful technique for deagglomerating such
powders by using ultrasound to produce cavitation in the milling liquid. As
the ultrasound energy is strongly absorbed by common liquids such as water
or propan-2-ol1, this. process is most effectively carried out in small
chambers which again gives the possibility of continuous flow and monitoring
of the process.

Shear mixing“s) has also been recognised as an effective method of
deagglomerating, mixing and dispersing fine powders. This shear may be
generated by very high speed stirring of liquid dispersions by forcing very
high viscosity powder/polymer compounds through narrow constrictions during,
for example, injection moulding or extrusion(16). The advantage of the
latter technique is that it ensures all the powder passes through a high
shear zone and does not rely upon good mixing to bring the powder into this
zone. With the trend towards finer powders and so a rapidly dincreasing
number of particles per unit volume, the difficulty of ensuring that all the
powder receives adequate milling becomes ever greater.

The use of high shear mixing and milling is preferable to those
techniques which rely upon statistical probabilities for their effectiveness.

4. DRYING

Drying is used either to remove liquids present during mixing or milling
operations or to remove liquid from a compact formed by processes such as
tape casting or slip casting. Drying is problematic, especially for fine
powders where the surface tension brings particles into intimate contact as
the liquid is removed, allowing van der Waals or electrostatic forces to
dominate and so form agglomerates. There is renewed interest in casting
techniques which avoid the need for liquid removal until after the desired
shape has been formed (see chapter 3). However, there are many instances
where drying cannot be avoided if powders suitable for subsequent handling
are to be produced, e.g. powders which contain pressing aids.

Simple drying of slips in ovens is a rudimentary technique which is not
without benefits. If carefully controlled it can produce well packed blocks
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of material, free from large internal defects, which can be granulated and
formed into uniform green compacts. However, due to the relative slowness
of this technique, faster and higher volume production routes such as spray
dry'ing(”) have found favour.

Spray drying consists of "atomising” a slip into a heated chamber where
the liquid is evaporated and the powder collected in a cyclone. This cyclone
permits limited control over the achievable granule size distribution in that
fine particles may not be collected here but filtered out elsewhere. The two
most common types of spray drier use either a nozzle or a spinning disc for
generating the liquid droplets. The nozzle type employs a swirl chamber in
conjunction with a small carbide aperture. This creates a vortex of droplets
which rise toward the top of the drier and the drier granules subsequently
fall to be collected near the base. The latter type uses a horizontally
spinning disc with holes around its periphery and is mounted in the top of
the drier. It produces a radial spray of droplets which dry as they falil
against the counter flow of hot gas. Spray driers are capable of large
throughputs, of the order of hundreds of kg per hour but the powder they
produce may not be ideal. Attempts at using excessive throughput rates
require very high chamber temperatures which can degrade not only dispersants
but also common organic binders. Hard granules are produced which do not
deform adequately or do not bond with their nearest neighbours when pressed.
Studies of the morphology of these granules has revealed them often to be
hollow spheres or "doughnut" shaped(m). These internal voids can be a major
source of flaws in the green and subsequently sintered material. Much
attention 1is currently focussed(w) on understanding the mechanisms of
droplet formation, liquid removal and granule formation in an attempt to
produce solid, soft agglomerates which are easily compacted.

An alternative drying technique which neatly avoids the problems of
forming hollow particles is that of fluidised bed spray granu'lat'ion(zo). In
this process a "seed" powder is used which is passed through a fluidised bed
and coated with a fresh layer of slip on each pass. Using cyclone
classifiers, the size and size distribution of the particles can be
controlled. To date, this process has not found widespread usage, primarily
because of the high capital cost of the equipment.

A11 of the above methods have the common disadvantage that they remove
liquid from the slip and so introduce agglomeration problems caused by
surface tension effects. Freeze dry*ing(m) avoids these problems by
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converting the liquid, first in a solid by freezing and then to a gas by
sublimation. This technique has been shown to have remarkable results on the

sinterability of fine powder(zz).

5. DRY FORMING

Dry forming of electronic ceramic materials is the major method used for
the compaction of fine powders prior to densification. The process normally
used is dry pressing. In fact, dry pressing is a misnomer as it is necessary
for small amounts of pressing additives to be dincorporated into the powder
to enable the production of handleable green bodies. These additives have
different roles in the process. Binders (e.g. polyethylene glycol) are added
to endow adequate green strength on the pressed bodies. Lubricants such as
zinc stearate ease the release from the die of the pressed body.

Plastercizers may also be added to improve the flexibility of the binder
films and so promote plastic deformation of the granules during pressing.
Such pressing aids must be able to be decomposed into gases well below the
sintering temperature of the ceramic. These gases should then be able to
escape through the open porosity of the compacted powder, leaving no
residues. Differential thermal analysis (DTA) and thermal gravimetric
analysis (TGA) are commonly used to identify the burn off temperatures of
ceramics containing such additives. The firing schedules will include a
dwell at an appropriate burn off temperature. Such an operation is
particularly critical in the firing of ceramics to be used in electronic
applications since any residues could dramatically alter the final properties
of the sintered body.

The powder to be pressed should have been suitably prepared so that it
has uniform flow properties so that it will evenly fi1l the die (see section
2).

When the die is suitably charged with powder the preferential method of
applying the pressure is by a technique known as double ending pressing.
This process involves keeping the die in a fixed position while the top and
bottom punches move to consolidate the powder. This produces a more evenly
compacted body when compared to bodies made by single ended pressing in which
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the bottom punch is stationary. The reason for this is that because of the
particulate nature of the powder, the forces applied are transmitted off
perpendicular so that in a single ended pressing the compact will be more
compressed at the end nearest the moving punch than at the end furthest away,
Figure 4.

Maintaining the uniformity of compaction is vital when manufacturing
electronic ceramic as density variations in the green compact can lead to
density variations in the sintered body, with a resultant non-uniformity of
properties.

Having consolidated the powder by pressing, the green bodies are ejected
by holding the die stationary and applying a force to, usually, the bottom
punch. When the piece is ejected out of the die elastic strains are relieved
with a resultant minute increase in its dimensions. The use of lubricants,
both as additions to the powder and as spray onto the die wall, can
significantly reduce the pressure required for ejection. It is during the
ejection procedure that defects such as lamination and capping appear, Figure
5.

PUNCH TRAVEL PUNCH TRAVEL
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\

PUNCH TRAVEL

KEY + LETTERS INDICATE VARIATIONS OF DENSITY
WITHIN GREEN BODY

WHERE a>b>cod>

Figure 4: Density distribution variations between single ended (a) and double
ended pressing (b) of a cylindrical compact.
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o) )

Figure 5: Lamination (a) and capping faults (b) in die pressed cylindrical
disks.

These defects usually appear because of die wall friction. The problem
is reduced by optimisation of powder flowability and hence uniform die
fitting, the use of adequate die pressing additives and suitable lubrication.
Such optimisation will lead to the ability to use higher pressures and so
obtain a high green density. Maximisation of the green density minimises the
shrinkage during firing.

" A second method of dry forming of green bodies is isostatic pressing.
In this technique the ceramic powder with appropriate strength imparting
binders is placed in an airtight, flexible container which in turn is placed
inside a sealed chamber filled with liquid. Pressure is then applied to the
liquid which consequently applies a uniform pressure over the total surface
of the powder filled container.

The powder is thus compacted into a green body of similar shape to the
flexible container. There are two basic types of tooling used for isostatic
pressing, i.e, wet bag tooling and dry bag tooling. MWet bag toolings are
filled with powder sealed and immersed in the pressurising liquid which acts
directly on the flexible container, actually wetting it. A dry bag tool is


Joe Sulton
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an integral part of the pressure chamber. The liquid is pressurised behind
a flexible second lining forcing it onto the tool and the filled container
remains dry.

Before the isostatic pressing procedure it may be necessary for the
tooling bag containing the powder to be evacuated. Work done on the dry
forming of large green bodies (110 mm dia x 24 mm high) from zirconia tin
titanate, a dielectric resonator material, has emphasized the necessity of
such a step. The pucks were made this size so that the sintered product
would be a dielectric resonator at approximately 900 MHz. The dried mixed
powder which exhibited good flow characteristics and contained polyethylene
glycol as a binder and zinc stearate as a lubricant was critically die-
pressed under a Tow pressure (70 MPa) to form a low density green body. This
green body was then placed in a sealed polythene bag for isostatic pressing
at 140 MPa. When the bag was not evacuated prior to sealing the
isostatically pressed bodies were observed to be badly cracked. This was
thought to be caused by the release of compressed air from the body when the
isostatic pressure was removed. The cracking problem in the green body
disappeared when the bags were evacuated prior to sealing. The bodies
pressed in this way had high green density and were successfully sintered to
95% of theoretical density, Figure 6.

Figure 6: Green and fired bodies for 900 MHz dielectric resonators.
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Ceramic powders that are to be isostatically pressed are usually spray-
dried. In the spray drying process the powder is dispersed in water to which
binders, plasticizers, dispersants, lubricants and pH regulators are added.
The spray drying process is intended to yield a free flowing granular powder
to ensure uniform tool filling.

An extremely useful attribute of the isostatic pressing process is its
ability to be able to form unusually shaped green bodies. For example it has
found an application in the mass production of the insulator part of spark
plugs. In this instance the dry bag technique is used for mass producing
bodies.

6. TAPE CASTING

The advance of microelectronics has led to a significant demand for flat
_non-conductive circuit carriers. Such substrates require mechanical strength
to be able to withstand subsequent processing. Also, because the circuit may
generate heat during use, the substrate has to have acceptable thermal
conductivity. It should also be unaffected by the chemicals and temperatures

used in circuit manufacture.

Other requirements include a high degree of surface smoothness, surface
flatness, circuit to substrate adhesion dimensional stability and
machinability.

The most common method of producing large quantities of ceramic
substrates, mainly aluminium ox'ide(23). is the doctor blade type casting
process first reported by Howatt et al. in 1947(24). This technique requires
the production of a stable slip. It will normally be made by ball milling
the powder for several hours in a 1iquid containing binders, plasticisers and
dispersants etc. Basically, the slip is spread over a flat surface and the
solvent dried off and the powder and binders form a ceramic tape. In the
doctor blading technique the flat surface is in a carrier belt which is fed
from a s1ip chamber. The belt passes under carefully adjusted blades and the
cast slip is doctored to a pre-defined level. The layer of slip dries as it
is carried through the apparatus. The dried tape is stripped from the belt

for further processing.
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Such tapes are used in the production of thermistors, piezoelectrics and
multilayer capacitors. When the tapes are formed from ceramics such as
aluminium oxide and beryllium oxide the sintered bodies can be used as
substrates upon which electronic conductors and resistors may be laid down
by thick film techniques of screen printing. A number of pieces of green
tapes may have various tracks printed on them and then be aligned and
laminated together prior to firing, the manufacture multilayer products. An
alternative to screen printed tracks is to coat the fired substrate with
metal by the thin film technique of sputtering, or chemical vapour
deposition. The metal can then be selectively etched off by standard
photolithographic techniques to produce an appropriate electronic circuit.
It is possible to sputter 2 or 3 different metals, e.g. Nichrome, Nickel and
then gold to produce resistors by etching as well as conductive tracks. Such
systems are used in microwave integrated circuits (MIC's)(Zs).

In order to produce substrates with uniform dielectric and mechanical
properties great emphasis has to be placed on the preparation and control of
the s1lip and the casting technique.

Slips are prepared by ball-milling the appropriate quantities of powder
for a number of hours. It is vital that the viscosity of the slip is closely
controlled. Because the viscosity is temperature dependent it should be
warmed to and maintained at a temperature close to the normal highest
ambient. If the slip has too low a viscosity due to excess liquid when at
the operating temperature it can be increased by applying a vacuum. This
will cause the liquid to evaporate and also promote de-airing.

The slip should be easily pourab!e and not exhibit much thixotropy or
dilatancy, neither should it have a large yield point. The powder must be
stable in suspension, ie there should be minimal settling out. Several
additives are required in order to produce a castable slip that will yield
a handleable cast tape.

Binders are used to form an adherent layer around the ceramic particles
so that when the solvent is removed from the cast tape it has a degree of
mechanical strength. Different acrylic polymers are used to this end and
usually added at about 3% to 8% by weight. Plasticisers such as polyethylene
g1yco1s(26) are added in order to impart flexibility into the dried tape by

weight of ceramic.
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To produce a slip that does not settle out the addition of dispersing
agents 1is required. Such agents are surfactants normally bought as a
commercial product, e.g. the D'ispex1 range of dispersants. The dispersant
should be added during the initial period of milling. The dispersing agent
also allows increased solids content in the slip so reducing shrinkage and
hence cracking during the drying process.

The tiquid used in forming the slip will preferably have a low boiling
point and a Tow viscosity. Usually a non-aqueous solvent will be chosen that
will allow the additives to be dissolved but will be inert to the inorganic

powder.

Once a stable de-aired slip has been formed it is desirable to pump it
through 2 nylon filters with openings of 40 um and 10 um to remove
agglomerates and coarse particles.

In tape casting there is a spreader or doctor-blade to level off the top
surface of the tape. This blade can be adjusted to allow various thicknesses
of tape to be cast. There are two basic systems used in tape-casting. The
first is batch casting where a fixed carrier (e.g. plate glass) is traversed
by a moving doctor-blade. The slip is allowed onto the substrate and spread
over it by moving the blade. The glass plate and spread slip can then be
placed in a drier for the evaporation of the solvents. When the tape is
partially dry it 1is stripped from the glass and heated- to a higher
temperature for complete drying.

The other method, more commonly used in industrial applications, is
known as the continuous tape method. Here a carrier film is fed from a spool
and enters a vessel containing the slip. There is an adjustable doctor-blade
at the exit side of the vessel where the cast layer of slip is skimmed to a
pre-determined height. The tape passes through a drying chamber to remove
the solvent and the dry tape is removed from the film by a sharp displacement
of the carrier. The green tape continues in a flat motion usually through
slitters to give lengths of accurate widths. The tape is then either coiled
up onto spools or cut into appropriate lengths for storage.

Casting speeds will vary with drying length, type of solvent and
thickness of tape. When such tapes are to be further processed for use in

1 Allied Colloids Ltd, Bradford, UK.
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high density circuit applications surface imperfections need to be minimised.
In such cases it may be necessary to perform the doctor-blade process in a
class 10,000 or better clean room. This will minimise the formation of
surface defects due to foreign matter settling onto the tape during
processing.

The green tape can be stored until required for further processing, ie
stamping, scoring and fixing to produce dense flat sheets of ceramic.

7. SLIP CASTING

Slip casting of ceramics is a technique that has long been used for the
manufacture of traditional ceramics. The technique, sometimes referred to
as colloidal filtration, is also applied to forming some ceramic bodies used
by the electronics industry. One of the most well known applications is in
the manufacture of aluminium oxide radomes. The requirements of a stable
slip for casting have been covered earlier under tape casting.

The advantages of slip casting include its ability to form green bodies
of a complex shape without expensive tooling. The bodies produced will
almost invariably be thin walled with a uniform thickness; hence its use in
radome manufacture. It is an inexpensive process when compared with other
ceramic manufacturing techniques since the basic requirements are a ball-
mill and a supply of plaster of Paris. The following is a brief rundown of
the slip casting process.

A slip is prepared by ball milling the appropriate powders along with
binders, plasticisers, deflocculants, etc. in a solvent or water. In order
to reproduce the castings it is essential that the slip is characterised by
means of its viscosity, dilatancy, solids content etc. Such a slip is poured
into a porous mould usually made from plaster of Paris where the liquid part
of the slip will be absorbed by capillary action into the mould leaving a
layer of ceramic and additives formed against the plaster. Slip can be
periodically added until the desired wall thickness has been formed. At this
point the excess slip is poured out. It is possible to cast solid pieces by
leaving the slip in; this technique 1is called solid casting. The body is
left in the mould until it 1is reasonably dry and has sufficient green
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strength to be removed. Noticeable shrinking occurs during this stage which
facilitates removal of the green body. This body, if the slip has been
correctly prepared, will be strong enough to allow trimming of rough edges
prior to firing.

It is possible to improve green density and impart higher green strength
on a cast body by applying an ultrasonic frequency to the mould during
casting. Another way to improve green body characteristics is to apply
pressure, e.g. by gas to the slip during casting. This can yield higher
densities and minimise shrinkage after casting.

8. ADDITIVE BURNOUT

In the forming processes discussed in this chapter one thing that is
common to all of them is that additives such as binders, plasticisers,
lubricants, deflocculants etc. are included in the process. It is obvious
and necessary that these materials remain in the green bodies formed by these

methods in order to impart handlability prior to sintering the inorganic

powder.

It is important when choosing the additives to consider what effect they
will have on the properties of the sintered body or whether they can be
totally removed by oxidation at high temperatures. For instance, when making
a piece of zirconium tin titanate, a dielectric resonator material whose
densification is promoted by the addition of zinc oxide, it is sensible to
consider adding a lubricant such as zinc stearate but not one such as calcium
stearate which could have adverse effects on the dielectric losses of the
sintered body. Also it would be acceptable to use an ammonium based
deflocculant, e.g. Dispex A40, but not a sodium based one, e.g. Dispex N40.
In the first instance it will be possible to remove all of the dispersant at
a suitably high temperature but in the second sodium ions will not be removed
by burning off. The sodium ions would probably increase the losses of the

dielectric resonators.

Because most of the additives will be organic polymers it is possible
to burn them off at a sufficiently high temperature prior to sintering. It
is necessary to establish the temperature at which they oxidise in order to
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ensure that all carbon residues are removed from the body and so do not have
undesired effects on the electrical properties of the ceramic. Determination
of the temperatures at which these additives will be burnt off at is
relatively straightforward. A small sample of the powder is subjected to the
well established techniques of Thermal Gravimetric Analysis (TGA) and/or
Differential Thermal Analysis. Details of these techniques can be found in
reference 27.

What is not revealed by these analyses is the length of time taken for
burn out. This is dependant not only on the quantity of additives but also
on the size and geometry of the green body. The time required at burn out
temperature has to be determined empirically.

A body is slowly heated to the temperature at which burn out occurs.
An estimate of the time required is made and the organics are burnt out for
this period. The body is allowed to cool and is then weighed.

This procedure is repeated until a steady weight is recorded indicating
that all the organics have been removed. It is considered safe practice to
record the time required to reach this steady weight then add 10% to it for
burning out in order to ensure total removal of the additives.

It may be necessary to have more than one burn out temperature
especially if there are additives with significant differences between the
temperatures at which they become gaseous.

A further point to consider when designing a burn off schedule is the
heating rate. It is possible that some of the organics may start decomposing
at temperatures lower than that determined. If this happens to be the case
a fast heating rate could cause the organics to gasify quickly. The pressure
resulting from this fast gasification has been known to cause the green body

to crack prior to densification.

It is 1important to re-emphasise that due consideration is paid to
burning off the organic additives. If they are not totally removed from the
porous body, then at sintering temperatures it is possible that some amount
of residue may get trapped and could reduce the performance of some

electronic ceramics.



114 Advanced Ceramic Processing and Technology

9. FURTHER PROCESSING OF CERAMIC TAPE

There are several ways in which the flexible ceramic tapes produced by
the doctor blade techniques may be processed with substrates or multilayer
capacitors. If the end product is to be a substrate the common way of
forming the parts is by stamping. The tape will normally have been slitted
to a width slightly larger than the part that is to be stamped. This strip
is fed into a punch and block die when straight forward rectangular or disk
shapes are required. The shape is punched out from the tape into the bottom
of the die. The tape is fed through automatically when manufactured under
mass production. Obviously more complicated shapes can be made by using more
sophisticated punches and dies. The parts are punched oversize in order to
allow for up to 17% linear shrinkage, which has to be empirically determined.

An alternative method of production is to score a wide piece of tape
prior to firing with shallow grooves. The tape is then fired and the
sintered body can have an array of circuits printed on by silk screening.
Once these circuits have been fired on, the substrates can be snapped off
from each other by hand. Obviously the score should not be so deep that it
weakens the sintered material so much that it would cause breakage prior to,

or during, circuit deposition.

In larger circuit production outfits 002 lasers are used to scribe the
substrates after the application of the circuit pattern. Basically the laser
burns a line of blind holes around the circuit. When the substrates are
broken apart a clean straight edge is normally observed. Lasers can also be
used to produce intricate shaped pieces.

In the production of multilayer capacitors (MLC) barium titanate
(BATIO3) is by far the most common material used due mainly to its high
relative permittivity up to 10,000. A pattern of rectangles of silver
palladium (Ag/Pd) Jink is silk screen printed onto a length of green BaTi05
tape. After printing the metallised sheets are dried to remove the solvent
from the ink. The ceramic sheets are then stacked one above the other,
Figure 7). The stack is laminated at high pressure and slightly elevated
temperature. This process forces the air from between the layers and
promotes interlayer adhesion. The individual layers should no longer be
separable if the procedure is done correctly. If the lamination has not been
done at high enough pressures the sheets will delaminate during firing. If
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Figure 7: Schematic diagram of multilayer capacitor manufacture.

the lamination pressure is too high the plasticised green sheets will start
to flow, causing cracks to appear during firing. The laminated stacks are
subsequently punched out into individual capacitors.

Silver/palladium 1ink is painted onto the ends of the sintered
capacitors. These are then heated so that the ink forms silver/palladium
terminations for the MLC's.

10. SINTERING

The sintering process converts the green microstructure to the
microstructure of the dense component. In this way sintering is the last of
the ceramic processing steps where the ceramist has any influence on
microstructural development. This influence is Timited as the worst
inhomogeneities of the compact are usually exaggerated during sintering, e.qg.

flaws will persist or even grow, large particles may induce abnormal grain
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growth, etc. For the electronic ceramist the mechanistic Tinks between
microstructure and properties are usually much less well understood than is
the case for the structural ceramist through, for example, the Griffith
equation(ze). Achieving maximum density or a very fine grain size may not
be coincident with achieving optimum electrical properties. Generally high
densities, small grain size and small pore size are beneficial for producing
high quality sintered multilayer devices, realising high electric strengths
and avoiding position-dependent properties. Developments in sintering theory
have changed the emphasis from studies centred on the atomistic scale to
those which are looking at effects on the microstructural and even

(29). These studies analyse the effect of aggregates or

(30)

macroscopic scale
agglomerates on densification rates and calculate the stresses generated
by differential sintering(31) between different parts of the compact. This
change of emphasis now addresses the problems of sintering using
microstructural models which much more closely reflect real microstructures
rather than idealised arrangements of spheres(az). In particular the
relationship between the formation of property 1imiting flaws and sintering
is now being investigated (see also Chapter 1). Recent studies have shown
that if attempts are made to sinter materials that contain non-densifying
inclusions then densification stops complietely at well below the maximum
density achievab]e(33). This is due to stresses which develop in the
shrinking matrix around the rigid particle. These increase and oppose the
local driving stress for sintering. Further densification in such a system

can only begin if the opposing stresses are relieved by creep.

Additives which promote 1iquid phase formation at sintering temperatures
are particularly beneficial. Another approach is to increase the effective
sintering stress by applying external pressure using hot pressing or hot
isostatic pressing(34). To achieve high density differential density at the
scale of the powder (ie as agglomerates or aggregates) or of the compact (ie
as might arise from the forming process) must be avoided. The lessons for

ceramic processing are:
1) Ensure the powder is free from aggregates or agglomerates.
2) Use a forming technique which minimises density gradients within the

compact, e.g. tape casting or slip casting are preferable to die
pressing, especially for fine powders.
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3) Employ liquid phases at the sintering temperature to allow relaxation
of stresses generated by differential densification and so delay the end
of densification.

11. FINISHING

Ceramic substrates are becoming increasingly popular for microwave and
hybrid circuit technology. Initially circuit designs were applied to
substrates with an as-fired surface finish, no economical alternatives being
available. In recent years the demands placed on the substrate by electronic
engineers such as fine lines and high degrees of uniformity have become more
and more stringent. The quality of a substrate for electronic applications
is dependent upon four basic parameters. These are thickness, flatness,

texture and parallelism.

Thickness variation between nominally the same substrates is undesirable
especially when the circuit is being screen printed. This is because it can
lead to variations in screen clearance and contact, with resultant effects
on the circuit pattern. Thickness variations of as little as 25 um (0.001
inch) may be required.

Flatness variations are taken to include camber and waviness in the
substrate. Waviness is the random ripples and undulations across a surface.
It may be regular, produced by non-flexible grinding wheels, or irregular due
to firing processes.

Camber is a 3-dimensional property involving the combined profiles of
both surfaces including variations 1in thickness, parallelism and other
defects. It is usually identified by "go-no-go" slot gauges.

The surface texture or quality is dependent upon homogeneity and density
of the material. Some porosity in ceramics is unavoidable, however fine or
random. Isolated pores may occur in the finished plane of a fine polished
substrate. Such surface imperfections can adversely affect the circuit
subsequently laid down. The roughness of the surface, usually referred to
as micro inches CLA (centre line average) may be due to poor finishing. The
method for establishing roughness is the diamond stylus tracing technique.
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Here a polished stylus of 2.5 um (0.001 inch) radius is run over the
substrate surface under a load of 1 g. This generates a signal, in a similar
manner to a gramophone record stylus, which 1is proportional to the
irregularity of the surface. The roughness value is read from either a meter

or a strip chart.

Parallelism is essentially the wvariation of thickness across a
substrate. If the substrate is wedge shaped problems can arise in the screen

printing process.

The roughness of 99.5% A1203 will be relatively fine, of the order of
10 micro inches CLA. That of 96% A1,05 may be as coarse as 20 micro inches
CLA. Camber will usually be present sometimes to such an extent it may be
observed by the naked eye. Surface defects will almost certainly be present
in the form of burrs, pits and ridges varying with the quality of the tape
production process.

Improved surface finishes can be achieved by machining the substrate.
Machining usually covers the terms grinding, lapping and polishing.

Grinding with an abrasive wheel will remove irregular ripples normally
found in as-fired material. Camber may also be reduced when the substrate
is precision ground. Unfortunately a ground surface may exhibit a few deep
scratches due to a raised piece of abrasive on the wheel. It may even have
voids added to by the grinding wheel 'pulling out' grains from the ceramic.
Extremely fine diamond wheels can produce uniform surfaces down to 9 micro

inches or less.

Lapping involves moving a flat cloth covered tool (lap) against the
substrate in the presence of a "fine abrasive medium" either as a layer
impregnated in the lap or as a slurry. The pressure between the tool and the
surface being lapped will be controlled but may vary from 3.5 to 70 kPa (0.5
to 10 psi) depending upon the substrte, the abrasive and the lubricant. When
done successfully, the surface roughness and camber can be significantly
reduced. The surface roughness can be closely defined by this technique with
minimal variation from substrate to substrate, surface finishes down to 1
micro inch CLA can be produced. This technique is effective for practically
any substrate material, shape or size or thickness down to approximately 130
um (0.005 inch). Lapped substrates offer several advantages including
improved screen printing, reduction of rejects and easier assembly.



Processing of Electronic Ceramics 119

Polishing is a precisely controlled process which is basically an
optimised lapping technique. Usually good quality laps are used, onto whih
is sprayed very fine, down to 0.25 um, diamond powders. Precision polished
substrate must have optical grade flatness (2.5 pm or 0.0001 inch), no
pullout, no camber and low roughness selected between 10 to 1 micro <inches
CLA. There must only be the narrowest deviation between pieces and lots.
These optical flatness levels are evaluated by observing light interference
fringes. Because precision lapped or polished substrates have minimal burrs
or localised ripples they are preferred in the production of thin film
circuits. This is because such faults cause failures due to Tlocal

overheating since they may be the weak spots in the film.

A summary of the processes used in the production of substrates can be
seen in the flow chart of Figure 8.

POWDER WEIGHING

i

BALL MILLING CHECK VISCOSITY |——>» REJECTION

{

TAPE CASTING

I

PUNCHING
CHECK PUNCHING,

3 THICKNESS & —3> REJECTION
SURFACE QUALITY

FIRING

I

FLATTENING
T MEASURE CAMBER
p 3 DENSITY AND > REJECTION
SURFACE
MACHINING
LASER SCRIBING
GRINDING
T INSPECTION FOR
> COMPLIANCE WITH t————>» REJECTION
SPECIFICATION

SHIP 1O
CUSTOMER
DR METALLISATION

Figure 8: Flow chart of substrate production.
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Processing of Ceramic Composites

R. Rice

W. R. Grace and Co., 7379 Route 32, Columbia, Maryland
21044, USA.

1. INTRODUCTION

Ceramic composites are attracting increasing attention because of the
broader diversity, and especially improvement, in properties they can
frequently provide. Properties and, hence, the benefits of composites
typically depend upon the achievement of a specific range of microstructures.
It is in fact, in part, this design and tailoring of microstructures in
current composites which distinguishes them from many earlier ceramics which
were accidental composites, that is, had a composite character as a result
of the choice of raw materials in empirically developed processing. The
selection of raw materials and processing parameters in these earlier
composites was not predicated upon their design as composites. Most modern
ceramic composites, of course, go well beyond traditional ceramics in

composition, microstructure, and properties.

Design or tailoring of composite microstructures to achieve improved or
new properties presents processing challenges. As with many other high-tech
ceramics, limited or near zero porosity is commonly desired, as 1is a
substantial degree of homogeneity. However, homogeneous dispersion of the
phases and low porosity is much more difficult to achieve in many composite
systems because of intrinsic and extrinsic factors 1limiting mixing and
densification. The broad compositional diversity of composites is a serious
challenge because of the attendant opportunities for reaction between
constituents, especially as temperatures are raised to overcome densification
limitations. The combination of the fineness of most dispersed phases and
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the high volume fractions often desired commonly make achieving a high
density and degree of homogeneity a challenge. These challenges of ceramic
composite processing have resulted in a significant shift in the emphasis of

processing technologies in comparison to other ceramics.

This paper reviews the processing of both ceramic particulate and fiber
composites, the latter including use of continuous and short fibers, which
in turn includes both chopped fibers and whiskers. This review will be
divided into two main parts, namely, powder based methods of processing and
non-powder based methods. Powder based methods discussed include sintering,
hot pressing, HIPing and reaction processing. Non-powder based methods
discussed are polymer pyrolysis, chemical vapor deposition and melt
processing. In all cases, the concept of applying these processing
techniques will be discussed first for particulate composites, then for fiber
composites. Generally, each processing method will be <introduced by a
description of it, with more description for less familiar methods, followed
by a review of its actual use with composites. Following coverage of the
various process methods, there will be a discussion of future trends and a
summary. However, since many ceramists are unfamiliar with the specifics of
microstructure/mechanisms of toughening sought, or the processing to achieve
these, they are reviewed first. Fiber handling and processing of fiber
composites are emphasized, since they are expected to be the least familiar

to ceramists.

Finally, some constraints need to be noted. It is impossible to give
fully comprehensive referencing in such a review. Instead, key or
representative references are generally cited. Also it is impossible to give
all processing details. Further, many processing details have not yet been
understood, or optimized, and some processing specifics are not available
because of government restrictions. Further, in order to keep the topic
tractable, it has been restricted to all ceramic composites. Thus metal-
ceramic (e.g. cermets) and polymer-ceramic composites, each extensive topics
themselves, are not treated. Also, the emphasis is on composites for
mechanical performance, in part because many composites for non-mechanical

purposes involve metallic or polymeric constituents(1'2).
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2. OVERVIEW OF COMPOSITE MECHANISMS/MICROSTRUCTURES AND PROCESSING

2.1 Mechanisms/Microstructures

Ceramic composite toughening mechanisms are briefly reviewed pertinent
to processing; the reader is referred to other reviews(3_5) for details.
Mechanisms pertinent to particulate, as well as to some fiber, especially
short fiber composites, are transformation toughening, microcracking, crack
deflection, and crack branching. Transformation toughening currently is
essentially exclusively derived from appropriate dispersion of metastable
tetragonal Zr02 particles in an appropriate matrix, mainly cubic zirconia,
alumina, or mullite. Both experience and modelling show that a very uniform
spacial and size distribution of the Zr02 particles is desired for optimum
results, Figure 1. Figure la shows how the level of toughening varies as a
function of particle size distribution, after Evan's(s). Figure 1b
illustrates the deleterious effects of agglomeration of the toughening phase.
Not only may such agglomerates act as a flaw, they often result in the
surrounding matrix area being devoid of toughening, thus emphasizing the need
for homogeneous mixing. While the optimum particle size depends on several
factors, such as the stiffness of the matrix and the volume fraction of Zr02
(which is also typically related to the extent it is partially stabilized),
typical Zr02 particle sizes desired are in the 0.5-1 um range.

Microcracking is also typically viewed as requiring a uniform spacial
and size distribution of particles. The particles chosen are typically those
that undergo a phase transformation (i.e. again essentially Zr02 to date)
or have a substantial thermal expansion mismatch with the matrix. The
concept is to develop a sufficient population of microcracks in the vicinity
of the crack tip such that the individual microcracks are well below the size
of a failure causing crack and their density is high enough to provide
toughening, but not so high as to provide ready crack propagation due to easy
linkage of a series of microcracks. An important concept in maintaining good
strength levels with microcracking is to have the microcracks be induced due
to the combination of the mismatch strains between the particle and the
matrix and the high stress concentrations in the vicinity of the tip of a
stressed crack, as opposed to having microcracks that preceded the formation
or loading of the main crack. The particle diameter, d, leading to the
development of a microcrack in the absence of an applied stress can be
estimated by the following relation:
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Figure 1: Schematic of transformation toughening as a function of particle
size and distribution (see text).
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9y

d =
E(ae)°

where y = pertinent fracture energy (e.g. of a single grain boundary for an
intergranular microcrack), E = the Young's modulus of the matrix and A = the
particle-matrix mismatch strain. Particles below this size generally will
not result in pre-existing microcracks, but can result in their generation
above a stress level inversely related to particle size. While modelling of
microcracking has been more difficult, it 1is again important to have a

narrower particle size distribution, Figure 2.

One of the major challenges and uncertainties in such microcrack
development is that many of the particles of interest have anisotropic
expansions, e.g. A'IZT'iOs or BN. The combination of different expansion
coefficients and misorientations leads to a significant range over which
microcracking can occur, but is difficult to predict precisely. Another
challenge is presented by non-equiaxial particles, e.g. platelets such as
graphite or BN, often used in some composites.

Relative Fracture Energy

Relative Crack (Particle) Size ——=

Figure 2: Schematic of the effect of the size distribution of microcracks
(and, hence, of the particles causing them) on fracture toughness. Note the
benefits of a narrower distribution (i.e. curve ¢ vs curves a and b). After
Evans, ref. 5.
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Crack deflection models show it depends substantially on particulate
geometry, Figure 3, with rod shaped particles being most desired. This
mechanism, therefore, clearly, overlaps with that of short fibers. Effects
of variation in particle dimensions and of spacial distribution are not
precisely known. Agglomeration, of particles or short fibers is clearly
detrimental and thus one of the particular challenges of processing whisker

composites is to prevent or eliminate agglomerates.

Crack branching has not been modelled, but is commonly a result of
either microcracking, crack deflection, or both. Overall, particle size and
distribution requirements to cause crack branching are similar to those for
microcracking and crack deflection. For branching to be effective in
controlling strength, it must occur on a scale equal to, or more likely
substantially less than, the typical failure causing flaw size, thus
indicating the need for fine particles of limited spacing. However, to limit
thermal shock damage where one 1is often concerned with controlling crack
propagation on a much larger scale, particle size and spacing requirements
can be substantially relaxed.
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Figure 3: Plot of effects of particle, size, shape, volume fracture, and
distribution of toughening due to crack deflection after Evans and Faber,
ref. 5.
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Some of these mechanisms will naturally combine as noted above.
However, significant benefit may be obtained by purposely designing the
composite and, hence, the processing to accentuate combination possibilities.
This may well 1introduce processing challenges such as obtaining two
particulate phases , e.g. one for microcracking and one for transformation
toughening, differing in composition, size and/or shape. Further, some
combinations may 1in fact be enhanced by dintroducing a controlled
heterogeneity to extend microcracking possibilities, Figure 4. The concept
is to introduce clusters of higher density microcracks to obtain a net
increase in the overall density of microcracks and, hence, in the resultant
fracture energy, while at the same time 1limiting the ease of crack
propagation via microcrack linking by having the clusters of higher density
microcracks sufficiently separated that crack linkage between clusters is
Timited(2:3),

Toughening in fiber composites can involve the above mechanisms for
particulate composites, especially microcracking, crack deflection, and crack
branching. Load transfer can also be important, however, it appears to be
less essential for ceramic composites than most other composites(4). The
one factor that has now been quite well established as central to the
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Figure 4: Schematic of a dual microcracking composite (see text).
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toughness of ceramic fiber composites is fiber pullout. Further, it is now
well accepted, and with reasonable direct derrnonstration(4), that toughness
due to fiber pullout in ceramic composites is typically achieved by having
Tittle or no chemical bonding between the fibers and matrix.

While fiber composites with matrices of very low Young's modulus such
as plaster or cement, may utilize very low volume fractions, such as a few
percent, of fibers, composites of high-tech interest typically require
relatively high volume fractions of fibers, e.g. 20-60 vol%Z. It is also
quite often important to control fiber orientations or architecture as
discussed later. Use of smaller diameter fibers is often important. Large
fibers such as CVD filaments or wires having dimensions of 100-200 um are
more prone to generate microcracks due to expansion differences with the
matrix, as per equation 1. Because such microcracks are on the scale of the
fiber, large fibers can seriously limit strengths. On the other hand, having
fibers toc small may present problems both in terms of the practicality of
handling as well as from possible limited surface reaction. For example, a
0.1 um depth of chemical interaction between the fiber and matrix may not be
serious for a 10 ym diameter fiber, but could be rather serious for a 0.5 um
diameter fiber. Fibers most extensively used in ceramic fiber composites
today are typically in the range of 5-10 pm in diameter. Table 1 lists
properties of typical ceramic fibers and whiskers.

While the emphasis, both in this chapter and in the ceramic community,
has been on ceramic composites for mechanical performance, there is also
considerable opportunity and <interest for ceramic composites for non-
mechanical, especially electrical, performance“‘z). While some concepts and
Timited amounts of experimental work have been done on more complex
composites requiring various degrees of contiguity of one or more of the
phases, the majority of work has been on simple particulate composites.
Here, the challenge is first to retain appropriate chemical integrity of both
phases as is typically a requirement for mechanical composites, as well as
to be cognizant of many of the basic requirements for mechanical composites.
Thus, particulate composites for other purposes, such as electrical/
electronic applications involving two phases having significant differences
in thermal expansion, typically require that microcracking must be addressed.
Usually, it must be avoided, but it is utilized in some composites, e.g. for
humidity sensor‘s(z).



Material Diameter Density Thermal Young's Tensile Max. Use Source
3 expapsion Modulus Strength Temp.

m g/cm x107° °C GPa GPa °C
Fibers
85%A1,0, - 15%S10 10+15 3.2 9 250 2.5 51200 Sumitomo
96- 97EA? 203 - 3-4%5102 3 3.4 9 300 2.0 51200 ICI
a-A1,0. 20 3.9 9 380 1.4 £1200 DuPont
SZZA% 8 - 1415203 - 2415102 8+12 2.7 3.5 150 1.7 1100+1400 Nextel 312
Al 03 S > 10+12 2.7 5 210+250 1.4+2.0 120041400 Nextel 440
Si 10+15 2.6 5 1754210 3.0 1200-+1500 Nippon Carbon
Si0. 10 2.2 0.5 70 0.6 Quartz Prod Corp
A1,04 - Zr0, 21 10 380 2.1 1300 DuPont
Carbon 5+10 1.742.0 -0.4+-1.8 200+700 1.4+1.5 >20002 Various
Filamerts
S1iC 140 3.2 S 430 3.5 51500 AVCO
B 100-140 2.3 5 430 3.5 $1300 AVCO
wWhiskers
SiaNg 0.2+10 3.2 3 2804350 1.443,5 1400+1800 Tataho
Si 0.05+0.2 3.2 5 450630 1.4+90 150041900 Tataho, AVCO

Table 1: Properties of ceramic fibers and whiskers at room temperature.

a: in inert environments; <1000°C in air.
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2.2 Composite Processing

Processing of ceramic particulate composites typically has overall
similarity, and frequently detailed similarity, to more traditional ceramic
processing. The most generic difference and greatest challenge is obtaining
homogeneous mixing of the dispersed phase; whilst obtaining good
densification can also be a problem. Specifics of processing such
composites, especially densification, will be the subject of the subsequent
two sections. Whisker (and some short fiber) composites present even greater
challenges for homogeneous mixing. Most whiskers also contain a substantial
amount of debris, mostly particulates (e.g. from broken whiskers, catalysts
for whisker growth and growth media). While reducing or removing such debris
is in part a factor in whisker preparation (a subject beyond the scope of
this review), it cannot be neglected in processing. Whisker debris or
inhomogeneities, separately or collectively, can limit strengths by acting
as failure sources.

More significant differences occur for processing continuous fiber
composites from that of normal ceramic processing; i.e. fiber
orientation/architecture, and achieving these in the size and body shape
desired. While the great majority of processing studies on ceramic fiber
composites, to date, have been on unidirectional fiber composites, in
practice, these have 1limited uses. Some work on different fiber
architectures has been done, but there needs to be a great deal more, since
this will be required for most applications, as indicated by use of other
composites, e.g. polymer matrix and carbon-carbon. Filament winding, wherein
the angle of the filaments relative to the resultant component and relative
to different layers is controlled to achieve a good balance of properties,
is likely to be important. Similarly, use of tapes of uniaxially aligned
fibers or various cloth weaves, and laminating these with controlled
orientation between the layers, is important. The type of weave or the type
of fibers within each layer may be varied to balance different processing and
property opportunities. Felted mats of chopped or short fibers may also be
used. There are also expected to be specialized applications of multi-
dimensional weaves, braids, etc.

An important factor in achieving any of the above fiber architectures
with fine fibers is the use of fiber tows. Typically, these are strands of
a few thousand fibers with some random intertwining. Handling of fiber tows
thus becomes a major factor in fiber composite processing. Many fibers also
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come with a polymer coating ("sizing"), which must first be removed, usually
by solvent or oxidation. The most common approach for introducing the matrix
is to put fiber tows (as well as larger, individual filaments) through a bath
which is the source of the matrix or its precursor, and then lay this up
directly by filament winding or other related techniques, Figure 5A. Most
commonly, the bath is a slurry or slip of matrix particles, but it may also
be, for example, a sol or pre-ceramic polymer. Typically, the wet filaments
are wound onto a drum analogous to a filament winding operation. The green
composite tape is subsequently removed from the drum for further processing,
e.g. drying and hot pressing. (One might also dry the matrix precursor onto
the fibers or into the tows for later operation, but this has generally not
yet been done with ceramic composites, presumably due to lack of adequate
adherence of most dried matrix precursors to the fibers.) A typical
challenge in such bath coating operations is to get a uniform coating on the
fibers. This usually requires some technique of opening or spreading the
tow, which can be Timited by fiber intertwining. Another challenge is to get
the distribution of matrix precursor between tows similar to that within the
tows. Cloth may also be infiltrated then laminated, but may often present
greater challenges in controlling the quantity and uniformity of matrix (or

precursor) infiltration.

Fiber Tow

[ 00
QO

(A) Fiber Preform / (B)

In Container

Figure 5: Schematic of continuous fiber ceramics composite processing.
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An alternate technique is to make a preform, usually from a lay-up of
cloth, or mats made from slurries by extracting the fluid from liquid-
chopped fiber (or whisker) mixtures by vacuum forming or paper-making
techniques. Although mats of chopped fibers are currently commonly limited
to 5-15 volX of fibers, work is underway to further increase the resultant
volume fractions of fibers. Preforms are subsequently infiltrated with a
fluid source of the matrix precursor, (see Figure 5b), sometimes using
pressure. However, this method can present various challenges, e.g. the
preform may act as a filter if a suspension of particles is used as the
matrix source. For reference, it should also be noted that in the area of
carbon/carbon composites, where the technology is considerably developed, a
variety of pressure infiltration techniques have been developed, e.g.
infiltration using cold and hot isostatic pressing to impregnate preforms
with appropriate carbon producing polymers.

3. POWDER BASED METHODS

3.1 Sintering

Sintering is the most widely practised method of processing ceramics,
especially for medium- and high-tech applications. While evaporation-
condensation, and surface diffusion can aid in sintering, providing bonding
and neck formation, only bulk diffusion can lead to actual densification in
pure systems. This is the only mechanism that can lead to center-to-center
motion of adjacent particles. Alternatively, additives or impurities that
give a liquid phase may result in densification through dissolution and
related 1liquid transport mechanisms, but may compromise properties.

The requirements of center-to-center motion for shrinkage and, hence,
densification in the absence of a 1liquid phase presents a basic challenge,
and probably basic limitations, to sintering of many ceramic composites. In
order to maintain adequate phase distinction, mixing of the phases by
interdiffusion (or liquid dissolution) must be limited, but such diffusion
limitations are also likely to 1imit densification. Consider first sintering
of a matrix around an isolated second phase particle whose size is similar
to that of the particle size of the matrix material. Densification would
presumably be slower relative to the matrix by itself due to the fact that
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the isolated particle will not shrink, only the matrix around it shrinks.
Since changes in shape of the isolated particle due to surface diffusion may
aid densification by accommodating geometrical fitting of it into the matrix,
inadequate surface diffusion of the second phase particles under matrix
sintering conditions can limit densification temperatures (e.g. as for some
non-oxide particles dispersed in oxide matrices).

This problem of shrinkage of the matrix around an isolated dispersed
particle becomes more serious as one or more dimensions of the dispersed
particles becomes large in comparison with the matrix particles. This
results from the fact that shrinkage of the matrix must be three dimensional,
introducing the requirement for significant local shrinkage anisotropy around
such particles with larger dimensions. This anisotropy is commonly
accommodated either by cracking or lack of densification. (This is similar
to dense agglomerates inhibiting sintering of a single phase material.)
Figure 6a shows schematically the incompatibility of shrinkage in the axial
direction of a fiber. Since the whiskers or fibers do not shrink, but the
matrix does, this results in either inhibited shrinkage of the matrix i.e.
pores (P), cracking (C) or both, as illustrated.
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Figure 6: Incompatible shrinkage between the matrix and dispersed whiskers
or short fibers.
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A second fundamental problem with sintering composites also arises from
shrinkage, but on a multi-particle scale. This becomes of increasing
importance as the volume fraction or number' of particles increases, resulting
in increasing interaction between the dispersed particles. This problem is
most serious, and most easily observed, when the dispersed phase has one or
two dimensions larger than the matrix particle size, e.g. for fibers or
flakes. Figure 6b illustrates incompatible shrinkage between two fibers,
i.e. on a larger scale than 6a. Since there is considerable difficulty in
obtaining homogeneous matrix packing between fibers (regions A and B), there
will commonly be inhomogeneous shrinkage between fibers resulting in bending
(exaggerated) of one or both fibers in order to accommodate the shrinkage
motion. Fiber bending then counteracts the shrinkage, yielding regions of
different density, e.g. regions A-D. Note that the problem of non-uniform
shrinkage between dispersed particles is greatly accentuated by inhomogeneous
packing of matrix particles between them.

3.1.1 Sintering Of Particulate Composites

A clever case of liquid phase sintering of a composite for electrical
applications is that of the sintering of BaT1'03 with NaNb03(6). The latter
causes not only liquid phase sintering, but also a NaNbO3 grain boundary
phase which provides the benefit of maintaining a high capacitance over a
larger wvoltage range, Figure 7. Another important example for
electrical/electronic purposes is the development of a magneto-electric
material by investigators at Ph1‘1ips(7). Sintering particles of BaT'iOa,
which is piezoelectric, and a magnetostrictive ferrite results in a magneto
electric material having about 20 times the sensitivity of the best known

natural magneto-electric material.

Sintering composites for enhanced mechanical properties has a long
history. Many traditional sintered ceramics are composites, but they were
not originally recognized and designed as such. Pioneering studies of model
particulate composites systems were carried out by various investigators such
as Hasselman, Fulrath and co]]eagues(a'm). and Binns(”). The earliest of
the modern composites that offer high strength and toughness are those that
result in a fine (e.g. 0.4-2 um) grain body of all, or nearly all, tetragonal
Zr0, phase. These materials are sintered from extremely fine (100 &) powders
of Zr02 that are chemically prepared, allowing stabilizers to be added via
chemical solution for greater homogeneity. A common precursor is ZrOC12(12).
Such bodies are typically partially stabilized with (3-6 wtZ) Y03 (as
opposed to Mg0 or Ca0 used in other partially stabilized Zr02 bodies),
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presumably because of the much higher phase stability of this system.
Powders are typically sintered to near theoretical density at temperatures
of 1300-1400°C, Table 2. These systems which were apparently first developed
by Nauman(13'15) and colleagues at Union Carbide and subsequently (apparently
independently) by Gupta(16'17) of Westinghouse, give typical strengths of
2700 MPa and toughnesses of =7 MPam% (Table 2). Strengths were commonly
limited by processing defects such as voids, agglomerates and foreign
part*ic‘les(13‘18'19), shown in Figure 8. A) shows failure initiation from an
isolated large void (at 22°C, 700 MPa), and B) from an agglomerate near the
specimen edge (at 500 MPa). Note insert showing some areas of separation
between agglomerate and the rest of the body. While these specimens
represent processing from several years ago, and substantial improvements
have occurred in the interim, they illustrate the processing challenge.

Although there has been further development of such fine grain PSZ
materials by a variety of 1aborator1'es(20_26). they are not yet available on
any significant commercial scale. Some of the practical challenges to
commercial development have been the cost of chemically prepared powders as
well as the combination of the cost and challenge of handling and densifying
fine powders. Removal and/or avoidance of agglomeration as well as removal
of chemically adsorbed species, e.g. residual chlorine, left from the
original chemical preparation of many of these powders and consolidation, are
also difficulties to overcome. Thus, for example, serious lamination and
related problems were experienced by Reith et a1(12), in cold pressing.
Sedimentation to remove agglomerates, washing to remove residual C1, and
colloidal suspension and pressure filtering have been used to attack the
above problems on a laboratory sca'le(14'15). Hot pressing or HIPing (Table
2) have also been successfully used to eliminate pores and agglomerates as
sources of failure as discussed later, as is work on superplastic forming.

General trends have been to use lower Y203 levels, e.g. 5 wt% vs. the
6-8 wtZ used by Naumann and colleagues. These newer materials appear to
exhibit greater stability against high temperature grain growth and resultant
degradation. There has also been investigation of hydrothermal preparation
of the powders(24'25) (as well as a report of hydrothermal reaction sintering
of unstabilized 2702(26)). More recently, promising results have also been
reported for similarly processed, e.g. ZrOC12 derived powder, but higher
temperature sintered material with approximately 12 m/o Ce02(22) (Table 2).
Note also, that use of CeOz can give good strengths with substantially larger
grain sizes (e.g. 40 um, Table 2)(21).



Stabilizer Fabrication method(s) and Grain size Flexure strength KIC Investigator
conditions? um MPa MPam’}
6-8 wt% Y504 DP 70 MPa » 60% rel density 0.4 600-840 9 Nauman, Reed, Ruth, Scott,
PC 0.7-1.4 MPa » 45% rel den. (13-15)
S 1300°C / 3-8 hrs
Low YZO levels S 1450°C / 2-5 hrs <0.3 700 6-9 Gupta et al (16,17)
2-3 mol Y203 DP 40 MPa S 1300-1400°C/2hrs <1 1300-1700 6-11 Tsukuma and Shimada (20)
IP 300 MPa HIP 1400°C/0.5 hrs
100-150 MPa
18 mo1X Ce0, DP 40 MPa S 1450°C-1550°C / 2.6 4-7 Coyle (21)
IP 170 MPa 15-20 hrs
HT 1550-1650°C /
s 236 hrs
12 mo1X Ce0, DP 40 MPa S 1400-1600°C/2hrs 0.5-2.5 700-800 8-12 Tsukuma (22)
IP 300 MPa
2-3 mo1% Y. 03 DP 40 MPa S 1400°C / 2 hrs 2400 17 Tsukuma et al (23)
(+ 20 Wiz R130) IP 300 MPa HIP 1500°C/0.5 hrs
100 MPa
3-5 wtX Cal pP, 1P S 1700°C (4 hrs) - 50 400-650 4-7 Garvie et al (36)

200 MPa 1900°C (1 hr)
HT 1300°C (30 hrs)

- 1500°C (3 hrs)

Table 2: PSZ processing and room temperature mechanical properties.

a: DP = die pressed, PC = pressure cast, IP = isopressed, S = sintered, HP = hot pressed, HT =

heat treated, HIP = hot isopressed.
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Figure 8: Samples of processing defects acting as fracture origins in fine
grain, sintered PSZ (6 wtX Y203). See text.
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The second type of partially stabilized Zr02, precipitation toughened
Zr02, is sintered from more typical ceramic powders, since sintering
temperature and resultant grain sizes are not so highly constrained. While
these materials in their more developed form appeared after the preceding
fine grained PSZ materials, their development started in about the same
period. Development of commercial 2.8 wtZ MgO PSZ by King and Yavorsky(27'
29) that proved quite successful for metal extrusion d-ies(30'31) and

(32)

subsequently nozzles for continuous casting of Cu was the starting point.

The excellent performance and subsequent reproducibility problems of these

(33-38) to study the mechanisms of these

materials led Garvie and colleagues
materials and subsequently control the process and resultant material and

performance.

The typical procedure to prepare these precipitation toughened PSZ
materials is to sinter them to as high a density as is practical and heat
treat them to achieve a single phase cubic solid solution, with these
operations often being done simultaneously, e.g. 1-4 hours at 1700-1900°C
for Zr02 with about 3.6 mol% Ca0(36). The resultant solid solution body is
then heat treated in the two phase region, e.g. during cooling in the 1300-
1500°C range for Zr0, + 3.6 wtZ Ca0, to develop a tetragonal precipitate
phase. Obtaining a solid solution and appropriate heat treatment to control
the precipitate structure is the key to processing such bodies. Figure 9
illustrates some typical processing effects. Note that most of the
development of these bodies has been with Mg0 or Ca0 partial stabilization
and very little with Y203 stabilization. This is because of the relatively
lower solid solution temperature for Zr02 with Mg0 or Ca0 versus Y203, making
achievement of solid solution conditions reasonably practical with the former
two, but not the latter. Temperatures are on the order of 200-400°C, less
for the Mg0 system. Figure 10 shows the differences in the precipitate
structures for the most common stabilizers. Recent work has focused more on
use of MgO for partial stabilization(39149). Bodies of both Mg0 and CaO
partially stabilized Zr02 made by this process are commercially available.

The third type of zirconia-toughened body is that made by addition of
Zr02 to some chemically different matrix, the most prominent of which is
A1203. Extensive use of A1203 as a matrix is predicated on extensive
available A'|203 technology, its moderate cost and high Young's modulus
(toughening is proportional to the matrix Young's modulus). However, several
other matrices have been investigated, especially mullite, as discussed
below.
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Figure 9: Outline of heat treating parameters for optimum precipitation
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Figure 10; Different precipitate shapes (light objects in A and C, dark
objects in B) in PSZ as a function of stabilizer. A) 4 wt® Ca0 - cuboidal,
B) 2.8 wt® MgD - lenticular, C) 8 wtZ Y,03 - rod. Note common scale.
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The basic requirement is to obtain a sufficiently homogeneous mixture
of matrix and Zr02 powders which will allow good densification while
maintaining a relatively narrow Zr02 particle size distribution with a mean
on the order of 0.5 um, see Figure 1. The exact particle size that one must
stay below depends upon the volume fraction of ZrOz used, which in turn
depends upon the amount of stabilizer added to the ZrOZ. It is now generally
recognized that the optimum Zr02 content is about 10 vol% when no stabilizer
is used (e.g. Figure 12 below). As the stabilizer (usually Y203) content is

increased above zero, larger volume fractions of Zr02 can be added.

One of the original developers of the A1203-Zr02 system was
C1ausen(41'42) who first demonstrated toughening, but not strengthening,
Figure 11, (actually using hot pressing, Table 3). The upper plot shows the
fracture toughness as a function of Zr02 content (no stabilizer added to the
Zr02). The Tower plot shows the corresponding room temperature fracture
strength for the same materials. Note that no strengthening whatsoever was
obtained and, in fact, strengths were, in general, degraded. His failure to
initially obtain strengthening along with toughening 1is attributed to
agglomeration of either the Zr02 or A1203 or both(43). Either type of
agglomerate (as well as voids) can act as failure origins. Dworak(44) was
also (apparently independently) developing A1203-Zr02 bodies in the same time
frame. Again, he did not demonstrate toughening, but did achieve reasonable
sintered strengths (but higher ones, by hot pressing - Table 3). His
development led to a commercially available sintered A1203-Zr02 cutting
tool. Becher(as) was possibly the first to demonstrate both strengthening
and toughening (Figure 12) 1in the A1203—Zr02 system. He avoided
agglomeration problems by making powders via gelling a mixture of an A1203
sol and a Zr02 sol (as well as hot pressing his bodies, Table 3) giving
excellent intermixing. The inserts in Figure 12 show the extremely uniform
microstructure of his specimens; micrographs A and B are, respectively, of
a fracture and an as-sintered surface (bar is 1 um). The third major Al,04-
Zr02 development was the demonstration, originally by Lange(46'47), that the
addition of a stabilizer to the Zr02 allowed a greater volume percent to be
added with increased toughening resulting.

Two general avenues for further development of A1203-Zr02 have been
followed. The first has been to develop other methods of preparing powders
of uniformly mixed A1203 and Zr02. Good results have been reported for CVD
prepared powders, made by oxidizing (with HZO) mixtures of A1C13 and ZrC14.
These have been sintered to respectable (and hot pressed to still higher)
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Figure 12: Becher's room temperature strength and fracture toughness data for
A1,03-Zr0, as a function of Zr0, content (unstabilized).



Materials Fabrication method(s) and

KIC Flexure strength Investigator
A1,04 20, conditions? MPan’ WPa
Alcoa A16 1.25-6.4 um HP 1400-1500°C / 30 min 10 550 Claussen et al (41,42)
2-20 vol% 40 MPa
S um Tum; 2.5-20 volZ% IP-S 1600°C / 60 min 500 Dworak (44)
+ 30 wt% TiC-TiN HP 1750°C / 3 min 750
sol sol; 0.5-30 vol% HP 1550°C (180 min) - 1650°C 6.5 80 Becher (45)
6-80 vol1% sub-um (15 min)
HP 1500-1600°C / 20 min
Linde B 0,2,7.5m01% Y203 8 1100 Lange (46,47)
added as nitrate
CVD powders by co-oxidation of S 1550-1600°C / 60 min 4-6.5 650 Hori et al (48-50)
A1C13 + ZrC14 => 10-20 wt% Zr02 HIP 1450°C / 1 min; 98 MPa 4.5
submicron Toyosoda (2 moi% DP 40 MPa; S 1400-1450°C/120min 2200 Tsukuma et al (55)
Y203); 60 wt? IP 300 MPa; HIP 1500°C/30 min
100 MPa
Alcoa A16 SG 30 vol1% Zr02 Colloidal filtration (50-55% 300 Aksay et al (56)
(+ 2 m1% Y505) rel density); S 1600°C/120 min
10-15 vol% Zr0, Slip casting; S <1600°C 850 Will1finger & Cannon (57)

Table 3: A104 - Zr02 processing and room temperature mechanical properties.

a: DP = die pressed, IP = isopressed, S = sintered, HP = hot pressed.
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3(48'50). Spray pyrolysis has also been

strengths, see Table
investigated(51'52). and hydrothermal preparation of powders is also being

exp]ored(53).

The second general avenue to improved A1203—Zr02 processing has been to
achieve better densification, especially reduction of isolated voids which

(43'54). A very successful approach has been

are common sources of failure
to hot press or HIP the materials (Table 3), or hot form them as discussed
later. Another approach has been to improve powder processing, especially
to reduce or eliminate agglomerates, e.g. by colloidal techniques(56’57).
Recently, successful preparation of bodies with surface layers of higher

A1203—Zr02 content using tape lamination has also been reported(se).

A derivative of the above A1203-Zr02 processing is the (somewhat
belated) recognition that Zr02 is a very effective grain growth
inhibitor(sg_sa). Thus, for example, Sato et a1(63). report that sintering
Al,05 with 5-10 vol% Zr0, to 1% porosity at 1500°C (for 1 hr.) reduces the
A1203 grain size to 2.5 pym vs. 5 pm without the Zr02. Thus, part of the
improvement in strength as a result of adding Zr02 is the refinement and
homogenization of the A1203 microstructure, as well as aiding
densification(58_61). This in turn has led to the use of low levels (e.g.
1-3 vol%) of Zr02 for such benefits.

Several other matrices have been investigated for Zr02 toughened
composites, most extensively mullite (3A1203.28102). While mullite has a
lower Young's modulus (hence, reduced toughening), it offers lower thermal
expansion, high creep resistance, and lower cost (as well as opportunities
for reaction sintering(64_66), Table 4 and discussed below). Although
mullite can often be difficult to sinter, Prohaska et 31(67) notes that Zr02
can retard grain growth and promote densification of mullite. Moya and
Osendi(se‘sg) and Yuan et a1(70‘71) have shown some strengthening and
toughening in mu11ite—Zr02 (Table 4), but this has generally been modest.

A variety of other matrices have been investigated for Zr02, with beta
a1umina(74'77) being the most extensive of these. While sintering has been
fairly successful (Table 4) both reaction processing and hot pressing have
been investigated as discussed below. Significant benefits have again been
observed in limiting grain growth, hence, reducing sintering temperatures,
e.g. by 150°C(74), and homogenizing beta alumina microstructures, which was
a major factor in improved strengths. Other matrices investigated include



Materials / Preparation

Fabrication method(s) and

conditions?

b
K1c

MPam

Flexure strengthc
MPa

Investigator

Mullite matrices

3A1203 + 22rS1O4 M+ Zr02
3pm Sum
;0 + ZZr 104 + M+ Zr02
attr1tor m111ed 6 hrs; spray
dried
3A1203 + ZZrSiO4 + M+ Zr02
Tum

Fused mullite + 10-25 vo1% Zr0,
(<44 um); attritor milled 8 hrs

Submicron mullite + 10-20 vol%

Zr02; attritor milled 1 hr

(3+x)A1203 + ZZrS'nO4 M+ Zr02
xA1,03

Submicron fused mullite + 10-20

volZ Zr0y; 1 pm

Rapid solidified mullite + Swt?
Zr02 powder

HP 1450°C/s40 min; 25 MPa

IP 600 MPa; S 1400°C / 60 min
R 1550°C / 120 min

IP 630 MPa; S 1610°C / 180 min

IP 200 MPa; S 1570°C / 150 min

DP 250 MPa » 55-60% rel density
S 1610°C / 360 min.

HP 1040°C
HT 1200-1600°C / 1 min

4.5

3.2

2.6

400

290

130

DiRupo et al (64)

Claussen, Jahn (65)

Anseau et al (66)
Prochazka et al (67)
Moya, Osendi (68,69)
Cambier et al (70)
Yuan et al (71,72)

McPherson (73)

{continued)
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Investigator

Materials / Preparation Fabrication method(s) and K1c Flexure strength®
1
conditions? MPam? MPa
Beta aluminas
BA1,0, prepared by 3 different 1P 200 MPa; S 1480°C / 60 min 4.5 350 Lange et al (74)
metgoas, with 15 vol% Zr02 (+3
molZ Y203)
A1,03 + NayZrO,> BA1,03 + Zr0, R 1250°C Viswanathen et al (75)
Binner and Stevens (76)
S1ip cast; S 1535°C 4-5 350-410 Green and Metcalf (77)

BA1,0, + 15 vol® Zr0, (+ 2.2

Table 4: Other oxide-ZrOZ processing and room temperature mechanical properties.

a: DP = die pressed, IP = isopressed, S = sintered, R = reaction sintered, HP = ho; pressed
b: For reference, typical K{C's of good mullite and beta-alumina are both 2-3 MPam

¢: For reference, typical f

éxural strengths of good mullite and beta-alumina are 200-350 MPa and 200 MPa, respectively
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MgA120 (78) MgO(78) foster1te(80) z1rcon(81) Cr 03 (82) cord1er1te(83)

g1asses(84 85) (sol-gel prepared in addition to me1t prepared systems
discussed later), dental porce1a1n(86), S13N4(87), and SwC(ee). Again,
various other (e.g. hot pressing) or additional (e.g. reaction) processing
methods have been used. Clearly, some matrices are limited by reactions.
While MgA1,0, did not present compatibility problems (i.e. Mg0 stabilization
of the ZrOz), Si3N4 and SiC matrices can clearly present ZrOz reduction-
stabilization problems. However, it 1is 1interesting to note that
Yamaguch1(82)
achieves 98% of theoretical density by sintering in carbon powder at 1500°C.

notes almost no sintering of Cr203 + 30 wt® Zr02 in air, but

Consider next composites utilizing dispersed phases of mainly hard
carbides such as SiC, B4C, and especially TiC, mainly in A1203 matrices. In
contrast to the zirconia-toughened composites discussed above, there is less
compatibility between the diffusion and related sintering characteristics of
these dispersants and alumina and, hence, they are much less sinterable.
This has generally limited sintering of these composites to Tow volume
fractions of dispersants, greater porosity, or both.

Much of the processing data on A1203+TiC is in the extensive patent
literature on such compositions widely used for cutting tools and wear
surfaces. This shows sintering temperatures are commonly in the 1600-1850°C
range using normal powders (i.e. 0.5-1 um) and 20-40 volZ TiC. However,
because of more difficult densification and the desire to reduce processing
defects, such as isolated voids and void clusters, much of the processing of
these materials is by hot pressing or sinter/HIPing (discussed later),
especially for commercial products. In the case of sintering prior to
HIPing, sintering temperatures are often lower (e.g. 1600°C). Densification
aids, most commonly one or more of nearly a dozen common oxides (which are
known, or probable, sources of liquid phases) are used (often even with hot
pressing and HIPing). Typical A1203—T1C composites have 1-2 um TiC grains
with the A1203 grain size similar but often somewhat smaller, thus the TiC
acts as an effective inhibitor of A1203 grain growth. Room temperature
strengths are typically 500-800 MPa with KIC's of 4-5 MPam% Such strengths
are still often limited by pores and larger A1203 grains (e.g. due to local

TiC def1c1ency(89))

The difficulties of sintering A1,05-TiC are illustrated by the work of
Hojo et a1(90) They report achieving <85% of theoretical density at 1700°C,
even using an Ar instead of a vacuum atmosphere (to suppress vaporization).
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Use of Mg0 (a common densification aid) gave densities of 95% of theoretical
at 1600°C. Recently improved sintering results have been reported. Hoch(91)
reports sintering A1,03 + 30% TiC to full density at 1350°C in Hy using
alkoxide derived mixtures of Al,045 + T102 (reacted with C introduced by CVD
using methane on the particles to make TiC in-situ). TiC grains of 0.5 um
in a finer grain A120? matrix were reported but no properties are given.
Recently Borom and Lee 92) have reported sintering of A'|203 + 30 wtX TiC to
>97% of theoretical density using typical high purity powders (no additives)
by rapid (>200°C/min) heating to 1950°C where it was held for <2 minutes.

Although work on most other composites with dispersed carbide particles
has again been by hot pressing, some sintering has been achieved. Again,
increasing particle content typically decreases density. However, improved
densification can be obtained by using a liquid phase, e.g. porosities of
only a few percent in A'|203 with up to 25 vol% SiC by Berneburg(93). Radford
reports sintering of A1203-B4C(94'95). Again, densities achievable at normal
A1203 sintering temperatures dropped off significantly with a few percent B4C
additions. Reasonable sintering kinetics required temperatures >1700°C.

Several useful composites have also been made using C or BN (primarily
in their hexagonal forms). Refractories consisting of oxides (mainly A1203)
and C (mainly graphite flakes), widely used for steel casting, are made by
refractory processing techniques, often as very large pieces (i.e. 1m long
and many cm in diameter) and require little densification(gs_ga). The high
thermal shock resistance required for their application can only be tested

using a thermite bomb(ga).

Some sinterability of A1203 has been achieved with up to 15 vol% BN
(i.e. well below the 230 volZ often desired) by using Al,0; with a
substantial amount of glass phase to provide liquid phase sintering(93).
While such 1liquid phase sintering has not been fully optimized, various
limitations are still expected in the volume fraction of dispersant that can
be sintered to reasonable densities. The flake-1ike character of the BN is
felt to 1limit densification. Thus, most BN composites (where high densities

have been sought) have again been hot pressed (or HIPed), as discussed later.

Despite potentially greater challenges in sintering, some work on all
non-oxide composites has been carried out. Prochazka and Cob1enz(gg)
sintered B-SiC with B4C using carbon (0.1-1%) as an additive. Sintering
submicron powder compacts with green densities of 250% at temperatures of
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2080°C, they achieved porosities as low as 3% with 11 wtX B4C, i.e. better
than the 5 and 7% porosities obtained using only 6 wt%Z and 1 wt® B,C,
respectively. Higher levels of B4C again increased porosity, to 5, 7, 17,
and 23%, respectively, at 22, 25, 35, and 50 wtZ B,C. Tanaka et a1(100)
sintered SigN, (0.5 pum) with 5-60 wt% SiC particles (1 um) using 15 wt®
addition of a 70/30 mixture of A1203/Y203 as a sintering aid and temperatures
of 1600-1850°C. They observed that the SiC retarded both pore and grain
growth during sintering, but porosities increased from 3% at 0 wt% SiC to 10%
at 60 wtZ SiC. (Subsequent HIPing at 2000°C under 100 MPa Ny reduced all
porosities to <5%.) While fracture toughness was about constant, (3.5-4
MPam%), strengths were of the order of 300-600 MPa and dincreased with
increasing SiC content (after HIPing), which was attributed to the finer
microstructures. More recently, McMurtry et a1(101) sintered a-SiC
(submicron) with 16 wvol% TiB, to 98-99% of theoretical density at
temperatures over 2000°C. Again, the second phase particles (final TiBz
particle sizes 2 pm) limited the matrix (SiC) grain growth. This refined
grain size was probably a factor in the (30%) higher strength of the
composite (500 MPa) vs. the SiC alone (350 MPa); however, the even larger
(90%) increase in Kic to nearly 9 MPam% is also a factor.

3.1.2 Sintering Fiber Composites
Almost all processing of whisker composites has been by hot

(102'107). e.g. Table 5, discussed later. Nonetheless, progress is

pressing
being made in sintering whisker (primarily SiC) composites. Tamari et
a1(108) have recently reported sintering of Si3N4 plus 10 or 20 wtZ SiC
whiskers at 2000°C with, respectively, 20 or 30 mol1% Y03 + Lay04 sintering
aid at TMPa N2 pressure (Table 6). Presumably, the good densification is due
to the higher levels of sintering aids and probable resultant liquid phase
and possible resultant HIPing action due to the N2 over pressure. Note,
however, the decrease in density associated with increasing whisker contents
(Table 6). More recently, Tiegs and Becher(109) (Table 5) have shown that
Al,04 + 16 volZ SiC whiskers can be sintered to 95% of theoretical density
at 1700-1800°C using 0.5% Mg0 + 2% Y504 (for liquid phase sintering) to give
reasonable mechanical properties. However, higher levels of whisker
additions limited achievable densities, e.g. to 80% of theoretical with 20

vol% SiC whiskers.

Only one significant attempt 1is known to sinter ceramic fiber
composites. In addition to the much greater constraint of sintering due to



Materials

Fabrication methods and

conditions?

K
IC
MPam%

Flexure strength
MPa

Investigator

A120 + 20-30 vol% SiC whiskers
[(N 7 um diam, 30 um Jong)
ultrasonically dispersed.

Mullite + 20 volX SiC whiskers
Mullite + 20-30wt% SiC whiskers

ZrO (+ 3 m1X Y0 ) + 30 voIX
81C whiskers; 0. 6% um diam, 10-
40 um long, >951 SiC.

SNy (+ 5 wtX Mg0) + 30 volZ
SiC whiskers; <98%
N, (20-30 mo1X Y203 + La203)
S e e iR
A1,04 + 10 vo1X SiC whiskers
(0.6 um diam, 25 pm long)
+ Mg0 + Y203

HP 1850-1900°C, 40-60 MPa

HP 1600°C, 70 MPa
HP 1600-1700°C / 60 min, 43 MPa
HP 1450°C / 10 min

CP 6.9 MPa + 45-48% rel density
HP 1750°C

Green body 53-55% rel density;
S 1800-2000°C

CP 140 MPa
IP 280-470 MPa

S 1700-1800°C

4.6
3.5

800

440
390
1200
700

560-600

330

Becher and Wei (102-104)

Wei and Becher (103)
Samanta and Musikant (105)
Claussen et al (106)
Shalek et al (107)

Tamari et al (108)

Tiegs and Becher (109)

Table 5: SiC whisker composite processing and room temperature mechanical properties.

a: CP = cold pressed, IP = isopressed, S =

sintered, HP = hot pressed
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Whisker content (%) % Theoretical X Theoretical
green density sintered denS‘it:_ya
0 56.5
10 55.3 99.8
20 53.2 86.5
30 50.3 77.1
b

Table 6: Effect of SiC whisker content on percent of theoretical density

a: Sintered at 2000°C with 20 mo1% Y,0, + La,05 for 60 min with 1 MPa N
108 2Y3 2¥3 2
b: Data of Tamori et a’l( )

the continuous fiber nature, there 1is also the serious limitation on
sintering temperatures in order to avoid either fiber-matrix reaction or
strong bonding, either of which would greatly reduce, if not totally
eliminate, any toughening. Coyle, working with Gugut and Jamet(no). made
a composite having unidirectionally aligned SiC based (Nicalon) fibers in an
A1203 matrix. A1203 particles (0.2-0.3 um diameter) were made into a slip
of about 50 wtZ concentration, then introduced into the fiber preform by
pressure casting (0.6-1.0 MPa argon pressure on top and vacuum on the bottom)
to give a green compact that was sintered at 1235°C for 1.5 hours (using a
5-10°C/min heating rate). The resultant bodies had about 25 vol% fibers and
30 vol1% (25-28%) open porosity and room temperature tensile strengths of 300-
450 MPa with failure strains of 1-2%. While these are encouraging results,
the small size and simple shape of the cast specimens (2 x 2 x 65 mm) and
uniaxial nature of these composites probably minimized sintering Timitations.

3.2 Hot Pressing, HIPing, Hot Forming

3.2.1 Particulate Composites

Hot pressing has been used for a substantial amount of particulate
composite processing, e.g. Tables 2-5. Despite some reduction by the typical
graphite hot pressing environment, limited hot pressing of PSZ has been used.
For example, Toray has produced very high strength (e.g. >1 GPa) PSZ via hot
pressing. HIPing, which poses less reduction problems, has also been very
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(20, 23) see Table

successfully applied to PSZ, e.g. by Tsukuma and colleagues
2. Most A1203—Zr02 composites are hot pressed; it was the major, or only,
densification method 1in the key studies of C‘Iausen(41'42). Dworak(u').
Becher(45), and Lange(46'47). Note, however, that stresses believed to
result from gradients in reduction (as indicated by gradients in darkness
of the material) may have been the cause of delamination and cracking in
large zirconia toughened alumina (ZTA) plates, and thus may 1imit scaling up

of hot pressing to large bod'ies(43).

While some of the other Zr02 toughened composites using oxide matrices
show good sinterability, e.g. B-aluminas as discussed earlier, many of these
have been hot pressed, often in connection with reaction processing,
discussed later. Fabrication with non-oxide matrices, e.g. S1'3N4(87) or
SiC(es) again requires hot pressing, e.g. at 2000°C for SiC(aa). The high
temperatures and reducing conditions of such pressing can cause reactions
with the Zr02, such as the formation of oxynitride with S'i3N4, and resultant

(1)

oxidation problems However some systems, such as TiBZ—ZrOZ. show good

promise despite the requirements of hot pressing at 2000°C for 3 hours(nz).

Hot pressing has been used even more extensively for composites
containing non-oxide dispersants. Thus, while there has been some reasonably
successful sintering of A1203-T1'C composites most production has been by hot
pressing, commonly around 1600°C(”3). Clearly, hot pressing is most
practical for simple, flat shapes, such as cutting tools and some wear parts.
The practicality of hot pressing is also greater for composites that require
processing under non-oxidizing environments. Such environments reduce or
remove two of the important advantages that sintering normally has over hot
pressing; namely, the use of lower-cost heating facilities for the lower
temperatures required for most air-fired materials, and the high throughput
available for air-firing, e.g. tunnel kilns.

Composites of A'|203 (or Be0, or Mg0) with a wide range of SiC contents
are commercially hot pressed (by Ceradyne, Inc.) for use as controlled
microwave absorbers in travelling wave tubes. These materials typically show
strengthening and toughening due to the SiC, with maxima at =50%
S1'C(n4’115)). Other oxide-carbide composites have received limited study,
e.g. hot pressing of A1203 - 30 vol1% WC to give 97-98% of theoretical density
at 1600-1700°C(”6). Some fabrication of A1203 + diamond composites has also
been undertaken by high pressure (6 GPa) hot pressing of 1 um powders at
1300°C for 1 hr(n7). Optimum toughnesses of 7 MPam% were obtained by
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subsequent heat treatment at 1100-1300°C to convert much of the diamond to
graphite insitu. Note that the diamond serves as a good grain growth
inhibitor, grain sizes were 30 um at 0 vo1% and 3 um at 15 vol% diamond.

Except for some limited sintering of A'|203-BN particulate composites
noted earlier, they have typically been made by hot pressing. Earlier

(118,119) similar to

composites used large (e.g. 100 um) diameter BN flakes
the large graphite flakes used in the refractories described earlier.
However, more recent development has concentrated on the use of much finer
(2-5 pm dia.) BN flakes. A SiOz—BN hot pressed composite has also been
deve'loped“zo) and sold commercially. It offers good thermal shock
resistance along with a low dielectric constant and reasonable thermal
conductivity. Considerable development has been carried out, first on A1203-
BN(”4'121'122) and then on nu'l11'te—BN(122). Typically, 30-60 vol%Z BN was
added by ball milling followed by hot pressing, e.g. at 1750-1900°C for
A'|203-BN. Figure 13a & b show at low and high magnifications respectively,
fracture surfaces of an A1,05 - 30 vol% BN composite made by mixing the two
ingredients and then hot pressing. (This should be contrasted with a similar
composite made by reaction processing and shown in Figure 19.) Strengths as
high as 350 MPa have been achieved with good thermal shock resistance. There
has also been some promising reaction processing of mullite-BN as discussed

later.

While hot pressing of such oxide matrix composites produces greater
densification, it is limited in the densities achievable at higher levels of
non-oxide additions despite the general ease with which oxides may be hot
pressed. Thus, for example, Nah'i(123'124) reports about 0.75% porosity in
Al,05 with 5-10 wtZ TiC and about 1.5% with 20-40 wtZ TiC (the hot pressed
bodies were apparently made using 0.5 to 1 um powder particles). Nakahira
et a’|(125) also obtained near zero porosity by hot pressing A'|203 with fine
(2 um) SiC at 1800°C, but found greater porosity with larger (8 um) SiC
particles, see Figure 14, Similarly, while Sato et a1(63) showed
sinterability of A1,05 + 5 or 10 vo1Z Zr0, to 1% porosity at 1500°C (1 hr)
(with significant reduction in A'|203 grain sizes due to ZrOz, as discussed
earlier), even with hot pressing (1500°C, 2 GPA, 30 min.) porosities
increased by 5%, when 10 vol% additions of TiN, TiC, SiC, or B4C were made
to the ZTA.

A wider variety of all non-oxide composites has been made by hot
pressing (Table 7) than by sintering. While some of these composites have
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A1203-30 V/D BN

Figure 13: A1203 - 30 volX BN composite microstructure produced by mixing and
hot pressing.
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Composite Hot pressing conditions KICa Flexure strength® Investigator
MPa MPanm?
SigNy (+ 3 wtX Mg0) + 10-40 1750°C 120 min 28 MPa 8-5 600-300 Lange (126)
vol2*siC (5, 9 or 32 um)
SigNy (+ 5 wtX Ce0,) + 20-50 1750°C 30 min 35 MPa 4.5-6.5 600-500 Mahet et al (127)
volZ*TiC (400 mesh)
S'i3N4 (0.7 um) + 0-15 wvo1% 1600°C 30 min 6000 MPa 2-7 Noma and Sawaoka (128)
diamond (0.5 pm)
SiC (+ 1wtX Al + 1wtX C; 0.7um) 2000°C 70 min 4-6 500-800 Wei and Becher (129)
+ 0-24.6 vo1% TiC (um)
SiC (+ 1 wtX B,C + 0.5 wtX C) + 2000°C 45 min 35 MPa 3-4.5 380-500 Janney (130)
0-15 vol% T'iBz
BsC (+ 5% Al,05; <10um) + 50 2000°C 150 Rice et al (114)
volX graphite (apm)
SiqN, (+ 6% CeDy; 0.5um) + 5- 1750°C 650-400 Mazdiyasni and Ruh (131)
50% BN (1 um)
AIN (+ 5 wtX Y203) + 5-30 wtX 1800-2000°C 60-15 min 11.5 MPa 300-200 Mazdiyasni et al (132)
BN (10-15 um)
SiC + 0-25 vol% BN 2000°C  34.5 min 300-450 Valentine et al (133)

Table 7: Non-oxide particulate composite processing and room temperature mechanical properties.

a: Properties in decreasing order, e.g. 600-300 MPa, indicates that the property generally decreased with increasing additive content,

and vice versa.

ASotouyda], pue SuIssadol] JTWRI) PIOUBAPY (9T



Processing of Ceramic Composites 161

increased strengths over the matrix itself, some have lower strengths, which
often reflects, at least in part, the nature of the additive. Thus, in a few
cases strengths decreased with larger additive particle sizes, e.g. for the
9 and 32 ym SiC particles added to Si3N4 by Lange(126). Also, use of weaker
second phase particles, such as graphite or BN (hexagonal), typically
decrease strengths, but give large increases in thermal shock
resistance(114). Noma and Sawaoka(128) hot pressed S~i3N4 + diamond (with no
additives) at high pressure (Table 7) in a similar manner to their A1,05-
diamond work noted earlier. Subsequent vacuum heat treatment at 1300°C to
convert a significant fraction of the diamond to graphite increased
toughness. Some composite strengths, whether higher or lower than the matrix
alone, are also probably limited by non-optimized processing. Thus, for
example, Janney(134), in a more detailed study of SiC-TiC composite
processing, showed that both the type of carbon addition (carbon black or
phenolic resin) and the extent of ball milling can significantly effect
mechanical properties. However, his observation of opposite trends for
strength and Weibull modulus with process parameters clearly shows the need

for much more process study.

Several types of particulate composites have also been HIPped. These
include PSZ, ZTA, and A1203—T1C (see Tables 2-4). While most of these have
been HIPped after sintering, some have been HIPped after hot pressing.
Typically, HIPing results in somewhat higher and more uniform strengths.
HIPing is generally carried out under non-oxidizing conditions, nevertheless
conditions are usually less reducing than for hot pressing and, hence, there
is less concern regarding the use of phases that are subject to reduction,
such as Zr02. Sintering (or hot pressing) to closed porosity allows HIPing
without any canning and therefore is much more practical. This allows
processing on an industrial scale as shown by its wide use for WC based
cutting tools. Such HIPing of bodies sintered to closed porosity greatly
reduces isolated pores and pore clusters which are often a major factor in
lower strength failures. Fabrication of large numbers of small components

in a single run is the most economical method of using HIPing.

Some study of particulate composites having two dispersed phases has
been made, again mainly by hot pressing or sintering/ HIPing. The two main
types have been: 1) substitution of a second hard material (e.g. TiN, SiC
or B4C) for some of the TiC in A1,05-TiC, and 2) substitution of Zr0, for
some of the A1203 in various A1203-carbide or nitride composites or addition
of some carbide or nitride materials to oxide - Zr02 composites (e.g. see
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Sato et a1(63)). Considerable development was undertaken on composites of
Hf82 and especially Zr82 with SiC + C by hot pressing relatively coarse
(10 um) powders at 1800° at high pressure (840 MPa)(135). These composites
have been produced commercially. More recently, composites of TaN + IrB,,
with either ZrN or WC have been hot pressed (2100°C for 30 min. with 18 MPa

in N2) for wear stud'ies(wﬁ).

Turning to hot working, Rice et a1(137) have demonstrated press forging
(i.e. slow compressive hot deformation) of PSZ crystals similar to press
forging single phase ceramic crysta]s(138). Kellett and Lange(139) have
recently reported press forging of fine grain A1,03-Zr0, at 1400-1 500°C and
100 MPa obtaining strains of >80% without tearing. This is not unexpected
in view of the extensive creep in fine grain PSZ at 51200°C(140) and the
results of press forging studies in A1203(138). Japanese investigators have
recently reported over 100% tensile (superplastic) elongation of fine grain
PSz at <1200°c{147),

3.2.2 Whisker Composites

Almost all development of whisker composites has been via hot pressing
(Table 5) with Becher and colleagues of Oak Ridge National Laboratory being
leaders in such deve]oprnents(101'103'142). Their work has been with SiC
(mostly ARCO) whiskers in an A'|203 matrix, made via hot pressing at 1750-
1900°C (usually 1850°C). While achievement of homogeneous mixing was not
fully realized at significant whisker volume fractions (e.g. 2202)(102).
promising results and progress have been achieved. Use of 0.2 um average
particle size and less agglomerated A'|203 powder versus a more agglomerated

(101, 102), and ultrasonic

one with 0.3 um average particle size
dispersion“oz) have improved uniformity. The resultant bodies have
anisotropic properties due to the partial planar whisker orientation
developed during hot pressing. Room temperature fracture toughness for crack
propagation in the plane of hot pressing is about 20Z greater than for pure
A'|203 (=4.6 MPam%)(wn, but is about double that for crack propagation
perpendicular to the plane of hot pressing with 20-302 volX
whiskers(101_103). Corresponding strengths of 300-450 MPa are the same, or
less than, pure A'|203, and about 650 MPa, with 5-10 vol% whiskers, and
especially 850 MPa respectively with 20-30 vol% and 40-60 vol% are above
those reliably achieved for pure Al1,0;. Evidence of crack-deflection and
limited whisker pull-out is observed, Figure 15. The lower degree of
strengthening versus toughening generally found with whisker composites
probably reflects effects of whisker debris and inhomogeneous distribution.
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Figure 15: Fracture microstructure of hot pressed A14._,o - SiC whisker
composite tested at room temperature. Note clear imprint 03f whiskers on the
surface showing crack deflection, whisker pull-out, or both occurring along
the crack surfaces.

Whether the maxima or plateau of toughness at about 20-30 vol%, and strength,
at approx. 40 vol% uh'iskers“m), is real, or an artifact, e.g. of increasing
homogeneity problems as whisker content dincreases, is not yet known.
Recent 1y Homeny et al,(143) obtained similar mechanical properties with Al,05
+ 30 volX SiC whiskers to those achieved by the Oak Ridge investigation.

Use of SiC whiskers in other matrices (mostly oxide) is also being
explored, with mu11ite(10%106) a0ain being of interest. Samanta and
Musikant{195) hot pressed such bodies at 1600-1700°C for 1 hr. with generally
better results at the higher temperatures. Room temperature strengths had
a definite maxima of nearly 400 MPa at 30 volX whiskers, over twice the
strength achievable with no whiskers (approx. 170 MPa). Wei and Becher(103)
have hot pressed similar bodies with 20 vo1% SiC whiskers, to give strengths
of about 440 MPa and a KIC of 4.6 I‘Pa'}. again about twice the value obtained
without whiskers (2.2 HPam'}). Since the best pure mullite bodies have
strengths of 250-350 MPa and toughnesses of 2-2.5 MPa¥, greater progress has
again been 1in improving toughness than in strength. less relative
improvement in strength may again reflect effects of whisker debris and
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inhomogeneous distribution. Panda and Seyde1(144) have recently made
MgA1,0,4-SiC composites by mixing 30 vol% whiskers (Versar) in a solution of
Mg(NO3), and A1(OH)3. After drying (350°C) and calcining (970°C), specimens
were press-forged (basically hot pressing of a preform that was smaller than
the die diameter so some lateral flow occurs) in graphite dies (in argon) at
1680°C. Flexure strengths (3-point, 13 mm span) averaged 400+ MPa to about
900°C, where they began to decrease to approx. 200 MPa at 1300°C. In
contrast the matrix only displays strengths of approx. 300 MPa but with only
a slight decrease over this temperature range. Finally, Gadkarce and
Chung(145) have recently reported processing of whisker composites using
glass and crystallisable glass matrices similar to processing of continuous
fiber composites (discussed later).

Shalek et a1(107) reported hot pressing of SiC (LANL) whiskers in SigNy
matrices (using 5 wtZ Mg0 densification aid). Room temperature flexure
strengths for materials hot pressed at 1600°C were constant at about 400 MPa
for whisker contents of 0-20 vol%, then decreasing to about 250 MPa at 40
vol% whiskers. Hot pressing at 1750 or 1850°C gave strengths of about 650
MPa with no whiskers, decreasing to about 500 MPa at 30 volZ whiskers (the
maximum addition for these hot pressing conditions). Young's moduli were
scattered between 300 and 370 GPa for the various hot pressing conditions to
about 30 vol% whiskers, but were much lower (240 GPa) at 40 volZ. Fracture
toughness (Chevron notch test) of samples hot pressed at 1600°C increased
from =5.5 to =8 MPam% over the range of 0-40 vol% whiskers, while specimens
hot pressed at 1750 or 1850°C increased from =7 to =10 MPam% over the range
of 0-30 vol% whiskers. Most of the increase in the latter case occurred for
the initial level of whisker addition (10 vol%). The drops in strength and
Young's modulus at higher whisker volume fractions are attributed to whisker
debris and inhomogeneous distribution. More recently, Buljan et a1(146)
have reported successful toughening and strengthening, at least at higher
(e.g. 30 vol1%Z) SiC whisker additions to Si3N4 hot pressed with 6 wt? Y203 +
1.5 wt% A1203 at 1800°C. Whether their improved results are due to

differences in whiskers or processing used is not clear.

Composites consisting of SiC whiskers dispersed in Zr02 toughened
matrices have also been investigated for possible dual toughening. Claussen
et a1(106) o pressed fine particles of ZrO, (+3 mo1% Y,05) with 30 vol% SiC
whiskers at 1450°C for 10 min. Room temperature fracture toughness was
reported to be doubled (from 6 to 12 MPam%) as were strengths at 1000°C (200
vs. 400 MPa), but not at room temperature. Similarly, Becher and Tieges(147)
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have shown that the toughening due to the incorporation of both tetragonal
Zr0, particles (0-20 voiZ) and SiC whiskers (0-20 volZ) in a mullite matrix
by hot pressing (1450°C, for 60 min) is additive, at least up to 20 vo1% SiC
whiskers (the limits of investigation).

Limited work on HIPing whisker composites has begun. Thus, Becher and
Tieges(wg) HIPed (at 1600°C) some of the A1,03-SiC whisker composites they
sintered, but such efforts are limited by the limited levels of whiskers in
composites that can be sintered to closed porosity for HIPing. However, as
discussed later, these restrictions do not necessarily apply to reaction

processed matrices.

3.2.3 Fiber Composites

The great majority of ceramic fiber composites have been prepared by hot
pressing. This reflects the much greater ease of densification by hot
pressing versus sintering with a broader range of fibers and fiber
architectures. Thus, 1in addition to uniaxial fiber composites, there has
also been considerable hot pressing of 2-D lay-ups of cloth and other
orientations of uniaxial tapes. This application of hot pressing to
continuous fiber composites is driven not only by the easier densification,
but also by the need to keep temperatures sufficiently low to minimize
reaction and bonding with the fibers. Only fine SiC-based (Nicalon) or
graphite fibers, or large CVD-SiC filaments have been successfully used,
since they are the only ones sufficiently non-reactive and sufficiently
unaffected by hot pressing conditions to produce reasonable composites. Even
with these fibers, especially the fine SiC-based fibers, one is often limited
in hot pressing temperatures in order to avoid degradation or reaction of the
fibers, Table 8.

There have been a variety of earlier efforts to make fiber reinforced
ceramics, mainly using CVD filaments and especially refractory metal wires,
usually in polycrystalline matrices, as discussed in earlier
Y‘ev‘iews(1'2'148_1 50). However, much of the original impetus for the current
interest in ceramic fiber composites stems from work by Sampbell, Phillips,
and oo'l'leagues(151_156). and Levitt(157) using carbon fibers hot pressed in
silicate glass-based matrices (Table 8). The significant toughening and
strengthening they observed with sufficient (e.g. >30 vol%) continuous
uniaxial (but not chopped) fibers ultimately motivated other researchers in

this area.



Matrix Fiber Fabrication method E Flexure strength KIC-} Investigator
and conditions GPa MPa MPam

Soda 1ime, lithium C (40 vol% uniaxial) HP 1200-1250°C 34 MPa 680 Sambell et al
alumino silicate, & (151-156)
borosilicate glasses
L1,0.A1,50,.8810, C HP 1375°C 5 hrs 7 MPa 840 Levitt (157)
Al 03 (dry mixed with C (18vo1%X chopped, 1-5 HP 1600°C (20 hrs) - Yoshikawa, Asaeda
fibers, then mixed as mm long) E = 20-40 GPa 1750°C (5 hrs) (158)
slurry with acetone) o = 690-900 MPa; E =

200 GPa o = 3 GPa
Al 03 C (40-50vo1X uniaxial) HP 1700°C 10 hrs 50 300-5002 3-10% Yasuda and
MuT1ite E = 192GPaj;o = 2.26GPa porosity = 5-7% 50 6502 72 Schlicting (159)
7740 Borosilicate SiC (35-65 vol1% 140 ym HP 1150°C 20 hrs 650-850 19 Prewo et al (166-
glass diam CVD uniaxial) 6.5 MPa 168)

SiC (40 vo1%; 10 um HP 1200°C 60 hrs 300 11.5

diameter, pyrolysed) 14 MPa
r0, - Si0, SiC (50-70 vol%) HP 1250°C (25 hrs) - 100-350° 10° Lewis and

1325°C (45 hrs) colleagues (176)
34.5 MPa b b

Zr0, - Ti0, SiC (50-60 vol%) HP 1175°C (60 hrs) - 370-670 12-20

1250°C (25 hrs)
34.5 MPa

Table 8: Ceramic fiber composite processing and room temperature mechanical properties.

a: Fibers CVD-coated with SiC;

b: Best results generally obtained with CVD-coated fibers (eg with BN).
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Yoshikawa and Asaeda“sa) were amongst the earlier investigators to
follow up on the above continuous fiber composite developments but, instead,
utilized non-glass-based matrices. Carbon fibers of low density (approx.
1.7 g/cc) and a very low Young's modulus (approx. 30 GPa), or carbon fibers
(Young's modulus approx. 200 GPa) with strengths proportional to their
Young's moduli, were used in chopped form (1-5 mm length). These were hot
pressed in an A1203 matrix in graphite dies (under nitrogen, which resulted
in conversion of some of the A1203 to ATON) at temperatures of 1600-1750°C,
with pressures of 100-350 MPa for times of 5-20 minutes. While the room
temperature flexural strength of the composites decreased with increasing
fiber content, apparently due to microcracking (indicated by audible sounds
emitted during cooling), the thermal shock resistance was increased.
Specimens with 14% or 18% fiber content retained 3-4 times as much strength
as all other materials tested after quenching from a temperature of 800°C,
and also showed the best maintenance of strength with multiple quenching
cycles (from 400°C).

Yasuda and Schlichting{?59) made A1,04 and mu111te composites reinforced
with carbon fibers (having a Young's modulus of 192 GPa and tensile strengths
of 2.3 GPa, in tows of 10,000 fibers each), either chopped, or uni-
directionally aligned. The fibers were infiltrated with either an A'|203
sol, or a mixture of A'|203 and S~i02 sol, then hydrated in air and hot pressed
in graphite dies at 1700°C for 10 minutes. Chopped fiber results were not
particularly encouraging; the best room temperature flexural strengths
achieved with mullite and 28% chopped fibers were about 250 MPa. Thus, most
work was on unidirectional continuous fiber composites. Strength, Young's
modulus, and fracture toughness of composites with the A'|203 matrix al?l
initially decreased with increasing fiber content in contrast to a more
general increase of these properties with the mullite matrix. SiC coatings
(applied by CVD) on the fibers gave higher strengths and toughnesses (e.g.
600-800 MPa and 6-8 MPam% at 50 vol1Z fiber), especially for the A'|203 matrix.

Fitzer and Schlichti ng(wo) have reviewed much of the work of Yasuda and
Schlichting and related studies along with presenting their own work. They
showed the strength of 8102—102 Ti0, (alkoxide derived) matrix composites hot
pressed at 1600°C to be constant at 70 MPa with 0 to 50 vol% unidirectional
8102 fibers, but fracture toughness increasing from 2 to 5.5 MPam%.
Similarly, hot pressing of A'|203 or mullite matrices (again alkoxide derived)
at about 1700°C with unidirectional A'|203 (DuPont FP) fibers gave strengths,
respectively, of 240 and 110 MPa, again essentially independent of fiber
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content. The fracture toughness of the all A1203 composite was reported to
increase from 4 to 12 MPam% from 0 to 60X fibers. In contrast to the above,
use of SiC coated unidirectional C fibers gave peak strengths of 500, 350,
and 300 MPa, respectively, for S'iOz, mullite, and A1,03 matrices. Finally,
they briefly review work showing strengths of 600 MPa and 900 MPa,
respectively, for unidirectional CVD-SiC filaments (46 vol1Z) and CVD-B
filaments (30.5 vol%) in a PbO glass matrix.

Two investigations of metal wire or ceramic monofilament reinforcement
of ceramics have been carried out since the earlier work cited above. The
first was by Brennan et a1(161) who investigated wire reinforcing of hot
pressed Si3N4. Poor results using tungsten wires due to formation of a
brittle silicide reaction product led to somewhat more promising experiments
using (unidirectional) tantalum wires (approx. 25 vol %, 0.63 mm or 1.27 mm
diameter). Hot pressing (using 5% Mg0 or 10Z Y505 additions with the SigN,)
at 1750°C gave flexural strengths of about 560 MPa or 700 MPa at room
temperature, respectively, i.e. about 20% below those of the two matrix
compositions alone. Tests of the true room temperature tensile strengths
proved very disappointing, approx. 170 MPa, with failure apparently
initiating from the Ta fibers. On the other hand, flexural strengths of the
composite were about 50% greater than those of the matrix alone at 1300°C and
room temperature. Charpy impact strength was increased about 4-fold before
the onset of damage.

Shetty et a1(162) have more recently hot pressed large SiC (AVCO)
filaments in SigNy (+ 8 wt? Y03 + 4 wtZ A'|203). Composites with up to 44
vo1% of SiC filaments were fabricated by infiltrating the matrix via a slurry
and hot pressing in graphite dies at pressures of 27 MPa and temperatures to
1750°C. The room temperature flexure strengths of the composites were about
one half of the strength of the matrix alone (930 MPa) and independent of
filament volume fraction over the range investigated (10-44 vol%) consistent
with the brittle failure of the composites, which resulted from degradation
of the filaments and their strong bonding to the matrix.

The first of the most active groups in recent ceramic fiber composite
development is that of Prewo and colleagues at UTRC who initially duplicated
the earlier Harwell carbon fiber glass-based matrix work. However, they
subsequently pursued two major changes in fibers used. First, using glasses
whose thermal expansion matched that of SiC, they successfully used CVD-SiC
f-i'laments(ws) (Table 8). The other major fiber change was to explore use
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of the SiC-based fibers from polymer pyrolysis based on Yaj’ima's(164'165)

pioneering developments. These fibers also proved to be quite successful
in appropriate silicate-based glass matr*ioes“ss’mn (Table 8).
Improvements in properties were demonstrated by crystallizing some of the
matrices (as also demonstrated by Sampbell and colleagues with carbon
fibers). An important discovery from this crystallization work by Prewo and
col]eagues(166’167) was that T'i02 nucleating agents for crystallizing the
matrix glasses attacked the Nicalon fibers, while Zr02 nucleating agents did
not. They further found that Nb205 added for nucleation tended to
preferentially form NbC coatings on the fibers with beneficial effects.

Three developmental trends have occurred in fiber composites based on
glass-based matrices. First has been a broadening of groups investigating

(166'167), with further wvariations in compositions and

such composites
processing. Second, there is a growing understanding and focus on the role
of the fiber-matrix interface. Thus, it is now recognized that little, and
probably no, chemical bonding can exist at this interface if good toughness,
i.e. non-catastrophic failure, is desired. As a specific case, it is now
recognized that successful use of Nicalon (SiC based) fibers is typically
accompanied by the formation of a carbon rich layer on the fiber surface
during processing(167) (the source of the NbC coating noted above). More
aspects of fiber-matrix development will be noted below. Third, the
fabrication of a wider range of components shapes has begun to be addressed,
with hot pressing and other hot forming methods being utilized. In Figure
16 can be seen A) a hot pressed fabric reinforced cup, B) a hot pressed
hybrid air foil, C) a matrix transfer moulded cylinder, D) an injection
molded igniter shape, and D) an injection moulded cylinder.

Another major development has been pursuit of non-glass-based matrices.
This author and oo'|1eagues(171'176) began exploring such matrices somewhat
later than, but unaware of, efforts at UTRC. While some had apparently
thought that hot pressing may not be applicable to composites other than
glass-based matrices because the latter would provide much greater plastic
flow and less damage to the fibers, no unequivocal disadvantage has been
demonstrated to hot pressing ceramic fiber composites with non-glass based
matrices. The choice of such matrices has been driven by both the need to
1imit reactivity with the fibers as well as to attempt to achieve matrices
with more modest Young's moduli so that there could be some possible load
transfer between the fibers and the matrix. A variety of composites with
polycrystalline oxide matrices have now been hot pressed with SiC based
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Figure 16: Shapes made of continuous fiber composite utilizing glass-based
matrices. Photos courtesy of Drs Karl Prewo and John Brennan, United
Technology Research Centre.

(Nicalon) fibers{176), The most successful matrices subsequently reported
by Lewis et al have been Zr0,-Si0, and Zr0,-Ti0,{173-175) (e.q. Table 8).
An important factor in obtaining the highest strength and toughness in many
of these composites has been the use of CVD fiber coatings, initially
BN(”2'176'177) (Figure 17) and later multilayer coatings“n'wn. In
Figure 17, load deflection curves are shown for two ceramic fiber composites
which are identical, except that one was fabricated using fibres with a thin
(0.1 um) coating of BN. Note that the composite without the BN coating on
the fibres has a much lower strength and total catastrophic failure in
comparison with the much higher strength and very non-catastrophic failure
of the composite with coated fibres. Note also that the brittle composite
shows smooth, i.e. low strength, fiber fracture (lower insert), whereas the
higher strength, tougher composite shows high strength failure in the fiber
as is indicated by the presence of fracture mirrors on the fibers (upper
insert).

Almost all of the composites described in the references above have been
hot pressed from bodies in which the tows were infiltrated with a slurry of
the powder to produce the matrix. Some have also been processed with sol-
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Figure 17: Microstructures of ceramic fiber composites illustrating fiber-
matrix inhomogeneities.

gel matrices, the work illustrating one of the important challenges that must
be observed in fabricating composites. For example, in some composites

utilizing BN coated fibers poor results were obtained which have been
tentatively attributed to substantial oxidation of the coating by products
of the pyrolysis of the gel-derived matrix. Similarly, control of the
atmosphere during hot pressing can be important, e.g. use of a Ny vs. a
wvacuum atmosphere to retard degradation of fibers (which can also be limited

One of the key challenges in making fiber composites is

by fiber coatings).
Figure 18, an early,

achieving homogeneous distribution of the fibers.
fairly inhomogeneous composite which still had reasonable strength (300 MPa)

and good non-catastrophic failure, illustrates a major problem which is

obtaining similar distribution of matrix within fiber tows as between them.
A) and B) show, respectively, lower and higher magnifications of a polished

section. Substantial progress has since been made in achieving uniformity.

Only limited HIPing of continuous fiber composites has been done, in
part because the available canning techniques using metal or glass for
HIPing is also potentially somewhat 1imited

encapsulation are cumbersome.
Thus, if one has high

for such composites because of architectural issues.
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Figure 18: Effects of BN fiber coating on SiC ceramic fiber composite
strength and fracture, see text. Data after reference 172.
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stresses parallel with the direction of fibers, damaging fiber buckling may
result. Hot forming of fiber composites in the normal sense of deforming the
composite is greatly limited by their very fibrous nature, except for some
possibilities with chopped fiber composites. However, the hot forming
demonstrated by UTRC(166’168), wherein glass is extruded into fiber preforms,
may hold significant promise. This may make it feasible to form various long
parts such as rods, tubes, beams, plates, etc., processes analogous to
extrusion or pultrusion (but at slow rates). Some possibilities may also
exist for doing this with very fine grain polycrystalline bodies.

3.3 Reaction Processing

A variety of reactions may be used to produce composites. Many
reactions are used in preparing ceramics ranging from powder preparation
(e.g. decomposition of salts, gels, polymers, and other organometallics) to
direct production of a product, i.e. CVD or polymer pyrolysis as discussed
in subsequent sections. However, what is of interest here are reactions that
produce composite powders for consolidation into composites, or more commonly
reactions involving a powder compact to yield a composite product in
conjunction with heating, possibly with pressure, such as in hot pressing,
or HIPing.

Clearly, there are various roots to reaction technology, with reaction
sintering (or bonding) of SigNy or SiC from Si or SiC + C compacts,
respectively, being a major component. Processing of composites such as
SigN, bonded SiC and SiC bonded B,C made by infiltrating compacts of SiC +
Si and B4C + C, respectively, with N2 or NH3 gas, or molten Si at high
temperatures are dimportant examples of dindustrial application of this
technology for refractory, wear, and armor uses. More recently, reaction
formed SigN, or SiC matrices have been investigated for fiber and whisker
composites. While these entail Si at high temperatures where it is very
reactive and, hence, may also attack fibers or whiskers, it has the advantage
of "sintering" a matrix without shrinkage and the attendant limitations
discussed earlier. A recent demonstration of combining reaction and other

1(178). They incorporated up to 30

processing is the work of Lundberg et a
volZ SiC whiskers in a S'i3N4 matrix by reaction sintering. While they
observed decreases in green and nitrided densities with increasing whisker
content, they had added 6% Y203 and 2% Al 203 to the Si powder such that after

nitriding they could sinter or HIP. Only the latter was successful in
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achieving high densities (via glass canning). Strength and toughness
decreases by approx. 1/3 at the highest whisker content, probably due in part
to whisker debris and possibly too strong a whisker-matrix bond.

Of potentially much broader applicability are a variety of other
reactions for producing composites. Some important examples of reaction
processing of composites have already noted for ZrO, toughened mullite and
beta alumina (Table 4). Thus, for example, investigators have used the

reaction:
22rS1'04 + 3A1203 » 3A1203.28102 + 22r02 2

to form muHite-Zr02 composites, yielding some of the best mechanical
properties. An advantage of this is its use of ZrS1‘04. the most common (and
a low cost) natural source of Zr0,. More complex ZrOz—SiOZ—A1203 bodies
involving CaO(wo) and T102(181) have also been investigated. However, not
all reaction processing has been successful. Thus, Yangyun and Brook(”g)
were unsuccessful in reaction sintering dense composites of fosterite
(MgZSiO4) + Zr'02 from Mg0 and ZrS'iO4 because the rate of reaction was faster
than the rate of pore removal. Only about 60% of theoretical density was
achieved by sintering at 1275°C for 200 min. Samples fired under more
extreme conditions, 1420°C for 2 hrs., contained extensive monoclinic ZrOz.
However, useful bodies were produced by hot pressing (1325°C for 15 min. at
20 MPa). Similarly, Binner and Stevens(76) had less success using sodium
zirconate to form beta A1203 + Zr02 than simple addition of Zr'02 powders
(Table 4).

The potential for reaction processing may go well beyond use of lower-
cost raw materials and possible mixing advantages noted above. Sintering (or
hot pressing or HIPing) reactant compacts, then reacting them may provide
opportunities to control composite microstructures by controlling nucleation
and growth of the new phases formed by the reaction, i.e. to provide some,
possibly all, of the opportunities for microstructural control offered by
crystallization of glasses. Thus, for example, Cob]enz(wz) has demonstrated
advantageous processing of mullite-BN composites by reactions, e.g.;

By03+2513N,#9A1,03 » 3(3A1,03.2510,)+88N 3

Besides using cheaper raw materials (than mullite and BN), production of the
BN in-situ after densification avoids its inhibiting densification while
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taking advantage of the 3203 based liquid phase for densification. This
produces excellent microstructures (Figure 19) and good properties. Note the
greater homogeneity of the microstructure relative to specimens made by
mixing BN particles with the matrix phase as a powder, followed by
densification (Figure 14).

An intriguing possible extension of the above type of reaction
processing is for in-situ development of whiskers. While earlier work at in-

(183) was unsuccessful, recent work by Hori et a1(184)

situ whisker formation
to form A1203 platelets/whiskers in-situ in an A1203-T102 compact is
promising. They made very fine powders of intimately mixed A1203+T1'02 by
oxidation of A1C13 + TiC14 for good sinterability below the temperatures for
forming A1,Ti0g (1300°C). Use of small (0.85%) additions of Na compounds
for aiding densification and in-situ formation of A1203 platelets/whiskers
improved fracture toughness from <3 MPam'} with no platelets/whiskers to over

6 MPam'!f at 35 volX platelets/whiskers.

Another class of reactions that has attracted considerable recent
interest are those often referred to by terms such as self-propagating high
temperature synthesis, which is referred to by such acronyms as SPHTS, SHTS,
and SPS (the latter acronym may be more appropriate, since it emphasizes the
unique propagating character of these reactions). The substantial exothermic
character of these reactions results in a high temperature reaction front
that actually sweeps through a compact of the reactants once the reaction is
ignited at some point. While such reactions can be used to produce single
phase compounds, e.g. Ti + C to yield TiC and Ti + B yield to TiBz, they can
also be used to produce composites directly. The classical thermite reaction
Fe203 + 2A1 » 2Fe + A1203 is an example of a metal ceramic composite product.
However, there are a variety of reactions that can yield all ceramic

composite products(185). e.g.;
4A1 + 3Ti02 +3»2 A1203 + 3TiC 5

There are, however, serious challenges to be met in such direct reaction
processing. These include intrinsic problems due to the products inherently
having smaller molar volumes than the reactants, e.g. by 20%, with the
discrepancy tending to increase as the enthalpy (and, hence, ease of ignition

and speed of reaction) 1‘ncreases(186). This intrinsic volume change means
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Figure 19: Microstructure of reaction processed mullite - 30 volZ boron
nitride composite.
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that even in a fully dense compact of reactants there would be porosity
generation due to the higher density of the resultant products, unless there
is some driving force for densification. Such a driving force is typically
lacking unless it is applied externally, such as by hot pressing(w?) (or hot
roﬂing(]aa)).
high temperature nature of the reactions and the speed with which these high
temperatures are reached. These typically result in serious out-gassing
problems from the powders that present a very significant porosity problem.
While such processing has shown some progress, there are still substantial

Further, there are significant extrinsic problems due to the

problems in achieving high and uniform densification.

There are a variety of microstructural issues and possible opportunities
in such SPS type reactions. Thus, both particle size (and probably
morphology) and especially porosity affects the propagation rates(wg). It
has also been proposed that reaction microstructures can effect the course,
and possibly the final products, of the react*ion(mz). The latter would be
a reflection of the broader suggestion of SPS reactions yielding different
phases because of the very transient nature of the reactions. Figure 20 is
a schematic of the potential effects of using coated particles for SPS and
related reactions. While mixtures of individual particles (1) may lead to

Figure 20: Schematic of potential effects of using coated particles for SPS
and related reactions. See text.
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one set of reaction products, coating of one reactant on particles of another
(2) or reactant, or on both reactants (3) may change the resultant products.
For example, mixing of Ti + B + C particles will normally lead to
predominantly Ti-B-C products and 1little or no TiC or B4C. However, reaction
of Ti particles coated with C and B particles coated with C may result in
more of these products.

Another interesting possibility suggested by these reactions is that
some of them appear to produce whiskers in-situ. Besides the possibilities
of directly producing a product body, such reactions may be used to prepare
powders. This, in turn, would introduce another microstructural issue and
opportunity in processing, that is, the size of the composite particles and
how this effects densification and resultant composite performance.

Another type of reaction processed composite is that under development
(190) They have reported "growth" of Al,03 by
reaction of molten Al at the interface between the A1203 product (fed by
capillary action along microscopic channels in the A7203 product) and a

by Lanxide Corporation

gaseous source of 02 (e.g. air). Since this is a growth process it can
"grow" around particulates, or fibers to form composites. The extent to
which such composites can be varied in composition and microstructure is not
yet fully known, but appears to be quite broad. The process can also
apparently be applied to other matrix materials such as AIN, TiN, and ZrN.

Composites formed from cementitious derived matrices are potentially
applicable to the fabrication of fiber composites. While portland cement
might be considered as a matrix for some applications, in general more
refractory cements are expected to be of interest. These are likely to
include calcium aluminate, phosphate bonded, and possibly chloride based
cements. Work in this area is apparently only in its early stages. The only
known work on composites applicable to high-tech applications is that of
Washburn and colleagues at Accurex who investigated A'IPO4 as a matrix for
Nicalon (SiC based) fibers or sapphire fﬂaments(ns). Working from a
chemically derived aluminum phosphate matrix they obtained modest but useful
properties (e.g. 140 MPa) by firing. In order to significantly reduce the
porosity and improve the resultant properties, they subsequently hot pressed
some of these composites which did result in considerable improvement in some
strengths, e.g. to 300MPa.
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4. NON-POWDER BASED METHODS

4.1 Polymer Pyrolysis

(165), i.e. the decomposition of polymer to produce

Polymer pyrolysis
ceramics, other than prototype pyrolysis of polymers to produce carbon
matrices (as well as fibers) for carbon-carbon composites, offers potential
advantages of significant importance in processing composites. First, in
principle, one forms a composite exactly as with a normal polymer and then
converts the polymer matrix in-situ to a ceramic matrix. This takes
advantage of the broad technology for making polymer based as well as carbon-
carbon composites. Second, the conversion of the pre-ceramic polymer to a
ceramic matrix can typically be done at temperatures on the order of 1000°C
or less, hence providing much broader compatibility with available ceramic
fibers. Third, there is potential synergism between the polymer pyrolysis
process and the composite character, i.e. the fibers control shrinkage
cracking of the pyrolysing polymer matrix. Figure 21 A) and B) show lower
and higher magnification views of cracking in the matrix perpendicular to the
fibers. The density and length of the cracks are inversely related to the
fiber's spacing. C) and D) show lower and higher magnification views of a
transverse section of this composite. Note longitudinal cracking in this
composite made using a SiC producing polymer for the matrix with no filler.

In principle, polymer pyrolysis consists of taking an appropriate
polymer that contains the atoms of the desired ceramic product in a form that
can be pyrolysed without excessive polymer backbone losses (i.e. ideally the
only losses are of hydrogen) to yield the desired ceramic product(165).
Several polymers are now known, and additional ones are being developed, that
yield basically S1‘3N4 and/or SiC. Polymers are also being developed to yield
products which are basically BN or B,C. (The term "basically" is used since
typically a pure stoichiometric compound cannot be produced by this process. )
Such polymers, in addition to or in combination with various carbon producing
polymers, are all of interest for producing ceramic composites because of the
high temperature and other capabilities of these materials.

Several factors strongly encourage the use of polymer pyrolysis for
fiber- as opposed to particulate-composites. These include their cost,
shrinkage, and low temperature processing. Thus lower temperatures, as noted
above, allow much wider use with fibers, which are commonly much more 1imited
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Figure 21: Shrinkage cracking in a matrix derived from polymer pyrolysis; see text.
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in their temperature capabilities than most particulates of interest. The
large density change, e.g. typically from about 1 g/cc for the polymer to
over 3 g/cc for the theoretical density of resultant products such as SiC
and Si 3N4, means that one either has large shrinkages, substantial porosity,
and/or microcracking. With a high density of particulates and a small
composite body of simple shape, it may be feasible to achieve useful
properties. However, in general, it 1is expected that the limited
strengthening and toughening achievable in particulate composites will not
produce attractive composites via polymer pyrolysis. On the other hand, the
strengthening and especially toughening available in fiber composites can
yield quite useful properties despite the presence of porosity and
microcracking from polymer pyrolysis.

Sol-gel processing and resultant gel pyrolysis can be considered to be
similar in some respects to that of polymer pyrolysis. However, the greater
weight losses and associated density changes of gel pyrolysis versus polymer
pyrolysis impose a severe limitation, as may the oxidizing character of some
pyrolysis products. Further, pyrolysis of gels frequently results in a more
particulate type matrix as opposed to a coherent matrix. Thus gel-derived
matrices were discussed primarily under powder-based methods, because they
usually require (and are favourable to) sintering, e.g. by hot pressing.

The Timited experiments on forming composites via polymer pyrolysis
illustrate well the points made above. Thus, dispersion of about 15 volZ
fine (e.g. approximately 2 um) graphite particles in a mainly SiC producing
polymer resulted in substantially less shrinkage, cracking, and improved
mechanical properties, (approximately 30 MPa flexural strength) upon
pyro]ysis(191). Although the composite was clearly not optimized, it appears
that the strengths would be Timited to 2-4 times that already achieved and
that this would only be achievable in relatively limited size parts.

Two initial studies have shown substantial promise in making ceramic
fiber composites via polymer pyrolysis. Both utilized the SiC based Nicalon

(192) made composites by infiltrating fiber tows

fibers. Jamet and colleagues
with a SiC producing polymer using a solvent plus a ceramic filler and then
moulded the pre-pregged uniaxial aligned tows to produce a composite with
very promising strength (about 330 MPa) and stress-strain behaviour. Fiber
coatings (by CVD) have also been demonstrated to be beneficial to the
performance of fiber composites made by polymer p_yro‘lys*is(wz). Chi and

oo'l1eagues(193) achieved similar properties using polymer infiltration of
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uniaxial fiber preforms. As many as 4-6 impregnations were used with
diminishing returns for each impregnation, i.e. similar to processing of
carbon/carbon composites.

Substantial further opportunity is seen for polymer pyrolysis with a
number of potentially important processing developments. First, it has good
potential for being of significant utility in making whisker and chopped
fiber composites, quite possibly allowing the use of injection moulding and
other effective forming procedures. It may also be feasible in some cases
to make composites by copyrolysis, that is to pyrolyse both the fiber and the
matrix at the same time and, hence, greatly reduce or avoid the shrinkage
problems noted above when only the matrix is pyrolysed with an already formed
fiber. However, this is likely to be rather limited because of the extensive
possibilities for chemical interaction of the fiber and matrix during the
copyrolysis.

4.2 Chemical Vapor Deposition/Chemical Vapor Infiltration

Chemical vapor deposition (CVD) is an important example of one of the
less used but developing techniques of processing ceramics which is likely
to see significant increase in use. Its potential arises both from the
intrinsic advantages of CVD as well as potential synergism between CVD and
its use for making ceramic composites, as will be discussed below.

While readers are referred to extensive literature on chemical vapor
deposit-ion<194) for more detailed background, (see also Chapter 9) it is
useful to briefly outline the process. It basically consists of introducing
one or more gasses into a chamber such that one and possibly more of the
resultant reaction products would be a solid under the reaction conditions
utilized. Typically, these conditions are at reduced pressures, e.g. a few
to several torr pressure, and elevated temperatures, ranging from a few
hundred to nearly 2000°C. Examples of some reactions of interest are shown
in Table 9.

The major use of CVD is, of course, to produce powders which are used
widely for paint pigments, as well as for ceramic processing. There have
also recently been some successful uses of chemical vapor deposition to
produce composite powders for processing of ceramic composites, e.g. A‘|203-

T1'02 and especially A1203—Zr02, as discussed ear'lier(48-50’184).
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Material Temperature / °C Reactants
Sigh, 1100 - 1300 SiCly + NHg
BN 800 - 1100 B4C13 + NH3
3102 800 - 1100 SiC14 + C02 + H20
A1,04 800 - 1200 AIC15 + €O, + Hy0
Si 800 - 1100 SiC14 or SiHC13
AN 1000 - 1200 A1C13 + NH3

Table 9: CVD/CVI materials and parameters.

Basically, temperatures for chemical vapor deposition can be divided
into two regimes. Those done below 1000°C typically utilize organometallic
precursors, whereas those conducted above about 1000°C typically utilize
inorganic precursors. These two categories also correspond with basic cost
factors. Generally, organometallic precursors are substantially more
expensive than the inorganic precursors, but are still within the cost range
for a variety of applications. Use of low cost precursors contributes to one
of the important potential advantages of CVD, namely its overall low cost.
Thus, for example, methyltrichlorolsilane, which can be used as the sole
precursor for SiC, costs about $1/1b. Its cost is low, despite good purity,
because of its other industrial uses. Since the theoretical yield of SiC
from this precursor is about 1/3 1b and, in practice, one should be able to
obtain about 1/5 1b or more, the process clearly has the potential for being
low cost from the raw materials standpoint. Further, since the cost of
facilities for CVD are relatively modest and the process has the potential
of being a net shape process, its potential for reasonable cost is further
enhanced. Deposition rates are, of course, an important factor in the
resultant cost and practicality of the process. These vary widely from on
the order of microns per hour to microns per second. High deposition rates,
however, are frequently not practical because they commonly lead to poor
microstructural control, such as large grains and/or large growth cones, and
may also lead to porosity entrapment due to highly irregular growth fronts.
Thus, the low deposition rates often quoted for CVD appear to reflect more
the Tlimitation of understanding how to fully control the process, and less
its potential. An important problem that frequently can arise in CVD (as
well as other deposition processes) is residual stresses. Such stresses,
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which can be extreme and appear to arise from variations in stoichiometry and
deposition conditions, have been major limitations in the use of CVD to date.
CVD offers important potential for processing of particulate composites due
to the fact that, in principle, one can get extremely homogeneous mixing of
reactant species in the gas phase. This should then lead to homogeneous
codeposition of two or more phases to form a resultant composite directly
from the deposition process. Certainly, one of the easiest and possibly the
only practical method of making particulate composites is to have both phases
deposited out from reactions that occur in similar temperature and pressure
ranges to reduce the limitations of using CVD for making conventional
ceramics. Such codeposition may give significant enhanced microstructural
nucleation due to its two phase character, thus limiting grain and growth
cone sizes, and possibly residual stresses.

To date, there has been only modest investigation of direct chemical
deposition of particulate composites. Earlier efforts, e.g. on S'iC-CUgs)
and ZrC-C(wG) were directed more at microstructural control and CVD
variations than on clear composite concepts. This author and colleagues
conducted some preliminary trials of SiC with each of several metals added
in the CVD reaction, e.q. Ti, W, and B. More recent work at Oak Ridge
National Laboratories(w” has been on SiC with some added phases and studies
in Japan(wa) have been on S1'3N4-T'3N.

Another possibility for using CVD for forming particulate (and possibly
whisker or fiber) composites that has received little or no exploration is
to feed the particulate phase onto the substrate while the matrix is being
simultaneously chemically vapor deposited. A key issue, of course, is
getting the particulates (whiskers or chopped fibers) to "stick in place"
(not an issue for continuous fibers). This might be possible by using
electrostatic techniques to attract and hold the particulates (whiskers or
chopped fibers) on the deposition surface. However, another issue also
arises, and that 1is whether or not there would be adequate deposition
underneath the particles (whiskers or fibers) to bond it to the matrix, since
circulation and temperature gradients may not be sufficient to cause complete
deposition over the volume between the particle and the surface on which it
is held.

The most extensive utilization of chemical vapor deposition for ceramic
composites has been for making continuous fiber composites. In this case,
the typical practice is to form a fiber preform and infiltrate this by CVD
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to form the matrix. Because of this infiltration aspect, the process is
often referred to as chemical vapor infiltration (CVI). The preforms may be
formed by a variety of processes such as cloth lay-up, filament winding,
vacuum forming, or various weaving and braiding processes.

CVI offers the same basic synergisms for making fiber composites as for
particulate composites, since the fibers limit grain and growth cone sizes
by providing nucleation cites and actual physical limitations to such growth.
Such inherent microstructural control should allow shorter deposition times
via use of higher deposition rates and by deposition occurring throughout the
composite simultaneously. Thus, even if one has limited rates of deposition,
since this is commonly occurring on each fiber simultaneously, the overall
rate of building up a composite is greatly enhanced. The fiber structure
also limits the potential of residual stresses through enhanced nucleation
and especially by load transfer and toughening via the fibers. An important
challenge and limitation of CVI is the fact that deposition on the fibers
typically leads to substantial residual porosity as a result of the buildup
on the individual fibers closing off gas paths between them leaving the
interstices unfilled as illustrated in Figure 22. A) schematically
i1lustrates chemical vapour deposition (D) occurring on individual fibers (F)
so the matrix builds up approximately concentrically on them until the
growing matrix section on the fibers intersect, leaving a pore 1in the
interstices (I) between the original fibers. B) is a micrograph showing a
CVI composite microstructure using 10 um diameter fibres, i.e. illustrating
deposition on the fibers.

After hot pressing, CVI has been the most extensively used method of
forming fiber composites, but almost exclusively for continuous fiber
composites. Clearly, extensive work on carbon-carbon composites and limited
work on BN-BN compos-ites(zoo) by CVD/CVI have served as a model for such
fabrication of other ceramic fiber composites. CVI has been used for
fabricating probably more complex shapes and the largest composites. For
example, utilizing tubes of braided oxide fibers with a SiC matrix deposited
on them at temperatures probably on the order of 1100°C, Figure 23, (Picture
B shows; a carbon-carbon disk (Concorde) brake, A1,03 - SiC heat exchanger
tube section, A1203 - SiC thermocouple well, and C - SiC rocket nozzle and
exit cone.)

The great majority of recent CVI fiber composites have been with SiC
matrices, mainly by four organizations. The most extensive and successful
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Figure 22: Porosity in composites made by chemical vapor infiltration; see
bext.) (Micrograph courtesy of Drs A. Caputo of ORNL and W. Lackey of Georgia
Tech.
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Figure 23: Examples of ceramic fiber composites made by chemical wvapor
infiltration (CVI); see text. A) courtesy of R. Fisher of Amercom; B)
courtesy of J. Warren of RCI.
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work has been by investigators at SEP using C or SiC (Nicalon)
fibers(201_204). They have apparently carried out the SiC infiltration at
maximum temperatures of about 1000-1200°C in several stages to control
microstructure better, especially porosity levels. While values as low as
about 5% porosity has been apparently achieved, typical values of 15-20%
appear to be much more common. Both uniaxial and cross-plied tapes, as well
as cloth lay-ups, have been successfully infiltrated. Room temperature
flexural strengths in the 350-700 MPa range have been achieved with good
toughnesses and the non-catastrophic failure expected of such fiber
composites. Potentially even more significant is the good strength retention
after 100-200 hrs. at 1200°C (although it dropped off more rapidly with
longer exposure). Such retention, though not as extensive as desired, is
better than other ceramic fiber composites, possibly due to the deposition
protecting the fibers.

Fisher and co11eagues(205'206) of Amercom have investigated CVI of SiC
into SiC (Nicalon) fibers and oxide (Nextel) fibers, the latter especially
in braided tube form. Strengths thus far have been at or below 150-200 MPa,
but some impressive size parts have been made (see Figure 23A). Warren and
co11eagues(207) of RCI have also infiltrated SiC into both SiC (Nicalon) and
C fibers (often in cloth form) achieving room temperature strengths at 300-
500 MPa, again with good fracture toughness and the non-catastrophic failure
expected of fiber composites.

More recently, investigators at ORNL(208_211) have reported similar
strengths by CVI of SiC into unidirectional SiC (Nicalon) or C fibers.
Fitzer and Gadow(212) obtained higher strengths (700 MPa) using CVI of SiC
with C fibers versus over 900 MPa with SiC (CVD) filaments. However, the
composites were respectively nearly, and fully brittle (i.e. catastrophic)
in their failure mode.

Colmet et a1(213) have infiltrated A1203 (via A1C13-H2—COZ) into various
A1203 fibers (DuPont, FP, ICI, and Nextel AB-312). Low deposition pressures
and temperatures (950-1000°C) gave porosities as Tow as 12% with 50 volZ
fibers. Strengths were typically 100-200 MPa at room temperature but started
decreasing rapidly at <1000°C, and were down to 50 MPa when tested at 1400°C.

Another use for CVD and processing of ceramic fiber or whisker
composites is to coat the fibers or whiskers. Thus, for example, Rice and
co11eagues(172_177) have demonstrated significant benefits of coating ceramic
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fibers with BN by CVD with resultant significant improvement in many cases
in both the strength and toughness of using such coated fibers in the
resultant composite, as discussed earlier, Figure 17. Clearly, such coating
of fibers and whiskers can, in many cases, also be done by other methods,
such as other vapor deposition techniques, as well as 1iquid chemical routes.
However, overall CVD is the most general and versatile method.

4.3 Melt Processing

The high melting temperatures of most ceramics pose serious challenges
to melt processing of ceramic composites. The frequently very high liquid
to solid shrinkages of many ceramic materials on solidification (typically
10-25 vo‘l%)(zm) can also be an important limitation. Despite this, there
are at least three ways in which some selected ceramic composites may be
processed using melting techniques, aided by advances in melting technology.
Melt processing of composites commonly draws upon the uniform solutions
achieved in the melt phase and subsequent solidification of eutectic
structures or precipitation in the solid state on or after solidification.
One of the most obvious applications of melt processing is to produce powders
for processing of composites, as discussed by Rice and
co'l'leagues(w—l'zI 5'216). Not surprisingly, the most extensively investigated
melt-derived powders are A'|203—Zw'()2(21 5-220) ang PSZ(213'214). The eutectic
structure of A1203-Zr‘02 melts providing a significantly different and much
more homogeneous mixing of the two ingredients than does simply mixing of
A'|203 and Zr02 powders process via the conventional approach discussed in
earlier sections. Figure 24 illustrates this, A) showing a polycrystalline
body consolidated from melt-derived particles. Note the fracture roughness
on both the particle and sub-particle scale (the latter due to the eutectic
structure). B) shows more detail of the eutectic microstructure.

The challenge is clearly to obtain melt-derived powder particles sufficiently
small for good sinterability, but larger than the precipitate or lamellae
dimensions. Since the latter are typically less than 1um for Zr02 toughening
this should be feasible, and initial studies support this. A possible
practical aid in this balance between particle size and phase dimensions is
atomization of a molten stream. Splatting molten particles increases
cooling rates, giving finer structures than solidification of bulk ingots and
aids grinding to desired particle sizes. Whether this technique will be

required remains to be determined. This author and co'l'leagues(137'215’216)
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203 - Zr'Oz composite obtained using eutectic

Figure 24: Microstructure of Al
melt processing; see text.
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have previously hot pressed melt-derived A'|203—Zr02 abrasive grits into a
solid body achieving respectable strengths (over 500 MPa). These strengths
were, however, believed to have been limited by several percent porosity in
the resultant body due to the relatively coarse nature of the particles that
were hot pressed. Further, the material was significantly reduced, due to
the original casting of the abrasive material in a graphite mould, as well
as the graphite environment in subsequent hot pressing. Krohn et a'|(220)
similarly hot pressed melt-derived A1203-Zr02 eutectic powder at 1450°C (for

4 min.) and obtained strengths >800 MPa and fracture toughnesses of 15 MPam%.

This author has also proposed that similar processing of PSZ powders,
especially those partially stabilized with Y203, may offer significant
advantages for developing precipitation toughened PSZ for two reasons.
First, the achievement of solid solution by normal processing requires high
temperatures which results in significant grain growth. Thus, grain sizes
of at least 50-100 um are typical in precipitation toughened PSZ. This
substantial grain growth is often accompanied by accumulation of impurities
as well as some excess stabilizer at the grain boundaries which appears to
be a factor in limiting strengths(221). Second, temperatures needed for
solid solution are quite high and difficult to achieve. This is especially
true for PSZ systems other than those using Ca0 or Mg0 as stabilizers. Thus,
the solid solution temperatures for systems utilizing Y203 which offer
greater potential are well beyond the achjevement of most processing

facilities.

The second method of melt processing composites is to infiltrate
compacts consisting of the second phase. This may be the most limited melt
approach in that it is most likely to be successful mainly with particulate
composites. However, infiltration of B4C + C compacts with molten Si to make
B4C + SiC composites is one practical example. Similarly, infiltration of
compacts of carbon fibers and powder with molten Si has been used by Hillig
and co‘l'leagues(222) to make C-SiC composites. H1"|'I1'g(223) has since been
exploring other possible methods of making ceramic composites by molten
matrix infiltration using model systems.

The third method of melt processing of composites is solidification of
the composite from the melt. The extensive work on fusion-cast refractories,

typically using multiphase compositions, with many of these 1involving

(224)

eutectic structures, some for very refractory non-oxide systems are a

guide to some of the possibilities. More recently, Rice and co1'!eagues(137)



192 Advanced Ceramic Processing and Technology

have obtained strengths of about 600 MPa in limited studies of PSZ materials,
and about 500 MPa for A1203-Zr02 eutectics solidified from the melt. Krohn
et a-|(220) report strengths of about 400 MPa and fracture toughnesses of 5
MPam% for their solidified eutectic specimens. The challenge is to keep
grain sizes sufficiently fine and control the amount and size and especially

location of solidification pores.

A major method of controlling solidification porosity is directional
solidification. Such solidification of eutectics results in unidirectional
lamellar or rod "reinforced" composites, wherein the thickness of the
lamellae or rod diameters are inversely proportional to the solidification

(225‘226). Also important are the

rates, as discussed in various reviews
crystallographic relation of the two phases and the frequency and nature of
growth variations. From a practical standpoint, the limitation of such
directionally solidified bodies to cylinders has been a basic limitation.

(227)

However, use of crystal growth shaping techniques may offer important

opportunities for some practical shaping.

As expected, directional solidification has been explored most for oxide

systems(225-236)

with Zr'02 containing, especially A'|203—Zr02, compositions
being wvery common. However, non-oxide systems have also been
studied(237—239). Most studies have focused on growth-orientation
microstructure relations, but some have indicated potentially interesting
mechanical properties. Thus, for example, Hulse and Batt(zzg) reported work
of fracture values for A1203—Zr'02 (Y203) eutectic compositions at least twice
those measured for commercial polycrystalline A1203. Similarly, strengths
of 200-700 MPa were reported for various Zr'02 containing eutectics (commonly
having lamellar spacings of a few microns) with solidification rates of a few
cm/hr to tens of cm/hr, generally with limited, or no decrease in these
strengths to temperatures of at least 1600°C. Fracture toughnesses of 4-8
MPam']‘F have been repor‘ted(235) with the higher values being obtained with
decreasing yttria content. A ZrC—ZrBz eutectic was reported to be grown pore
and crack free between 0.4 and 5.4 cm/hr. Studies of these bodies showed a
maximum in fracture toughness of nearly 5.5 MPa%, as well as of hardness and
wear resistance at a lamellar spacing of 1.85 um (2.9 cm/hr growth
rate)(239). Another example of directionally solidified oxide eutectics is
NaNbOa—BaT'iO3, which is reported to have a promising electro-optic
effect(236).

Another approach to melt processing of composites is preparation of a
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glass, then crystallizing it. While this introduces the large subject of so-
called "glass-ceramics" (a poor and contradictory term) which is beyond the
scope of this review, a few very relevant examples are in order. Thus, some
investigators have made ZrOz containing glass that allow tetragonal ZrOz
precipitates to be formed (e.g. references 240-243). Few properties have
been reported, but Mussler and Shafer‘az) report fracture toughness
increasing by =100% with up to 12.5% Zr0, obtained in a cordierite-based
glass body made by melting at 1650°C, then sintering at 860-1100°C. More
(243) reports room temperature fracture toughness
increases of approx. 50% in a Li20-S-i02-Zr02 glass with approx. 12 vol% fine

recently, Leatherman

tetragonal Zrﬂz precipitates. Particularly promising is the directional
solidifications of a Ca0-P,0g glass (CaO/P205 = 0.94) at 20 pm/min. at 560°C,
by Abe et al (244). This resulted in room temperature strengths of up to 600
MPa and non-catastrophic failure, see Figure 25.

There are clearly other ramifications and extensions of the above melt
processing. A direct extension is broader investigation of rapidly quenched
materials, e.g. in the A1203~5102-Zr02 Sﬁm(245.246)' while investigations

of other systems giving fibrous structures on sol idification(247) and melting

Time (min)

Figure 25: Summary of results of directionally solidified calcium phosphate
glass. Courtesy of Abe et al (ref 244), published with permission of the
American Ceramic Society.
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and solidification of composite surfaces are others. While porosity,
cracking, and shape are <issues, some possibilities for solving these

challenges have been explored with some suocess(ms).

5. SUMMARY, NEEDS AND TRENDS

Since the field of ceramic composites, in the modern context of
designing composites for specific performance improvement, is relatively new,
much of the effort, to date, has been in the form of preliminary
investigations. The purpose of such initial development is, of course, to
sort out major aspects of composite performance and processing capabilities
to indicate the best level of performance to be expected, to determine size
and shape capabilities of various processes and their practicality, and to
identify key needs which will allow understanding and improvement in the

performance of composites.

The purpose of this review has been to summarize this wealth of
information. From the overall performance standpoint, we have particulate
composites which may increase strength, fracture toughness or both, or
alternatively provide good improvement in thermal shock resistance although
at the expense of some reduction in strength and possibly fracture toughness.
However, in all cases, these composites fail catastrophically. Whisker
composites, to date, have typically performed in a similar fashion to
particulate composites. Thus far, continuous fiber composites have been the
only ceramic materials clearly demonstrating significant non-catastrophic
failure (in the absence of plastic deformation). A key question for whisker
and other short fiber composites is whether they can be made to exhibit
significant non-catastrophic failure, e.g. by increasing the level, or the
degree of orientation of whisker additions, or both (controlled orientation
may be necessary in part, to achieve much higher levels of whisker loadings).

Another basic issue 1is that of the frequent, high temperature
embrittlement of continuous ceramic fiber composites and the extent to which
this may be controlled by processing, for example the possibility that
embrittlement may be less fast or as serious in composites made by chemical
vapor infiltration as opposed to other processes. These latter questions
heavily focus around the issue of the mechanism of toughening in these
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composites and in particular, the issue of fiber pull-out. This, in turn
leads to the issue of fiber-matrix interfaces. As discussed earlier for
continuous composites, this interface is increasingly being recognized as a
critical and complex one. The mechanisms by which a carbon-rich surface
forms on Nicalon fibers is not yet fully understood and, hence, how this can
be more appropriately controlled and how, in turn, this can guide better use
of other fibers in other composites is not yet fully determined. However,
the results on using fiber coatings are clearly promising and an important
step in this direction, but require substantial further work. It is also
beginning to be evident that the surface chemistry of whiskers is important
to their performance in composites with some limited evidence that whiskers
with higher carbon contents near the surface may again be preferred.
Clearly, both this as well as the analogy with continuous fibers would
strongly suggest investigation of whisker coatings. Some preliminary studies
are underway by this author and other investigators' laboratories, but no
significant results are known to date.

A major trend shown in this review is the shift away from (pressureless)
sintering as the dominant method of processing to other methods ranging from
hot densification to a variety of chemically-based methods ranging from
reaction processes to polymer pyrolysis and chemical vapor deposition, as
well as utilization of other methods, such as melt processing. While a
dispersed phase in a composite typically provides grain growth control for
the matrix and, in some cases, may even aid densification (e.g. with Zr0,
toughened composites), the performance of all composites is still limited by
processing defects. Further, particulate composites and also probably
whisker and short fiber composites (at least as long as they exhibit
catastrophic failure) tend to fail from processing defects. While these
composites typically exhibit improved mechanical performance, the statistics
of mechanical failure and, hence, the uniformity of processing must be
adequately controlled to take full advantage of these improvements. The
single most common method of processing composites, to date, has been by hot
pressing. Clearly, sintering improvements will continue to come and, hence,
expand the application of sintering, with sintering to closed porosity
followed by HIPing being a definite trend. This route is substantially more
challenging with whisker and short fiber composites, and especially
continuous fiber composites, so that hot pressing is likely to remain a
common mode of processing. For glass-based matrices (and possibly very fine
grain polycrystalline matrices) the concept of hot injection of the matrix
into a preform appears quite promising. A challenging and exciting extension
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of this could be the extent to which such processing of continuous fiber
composites could be made by processes such as extrusion or pultrusion to make
rods, tubes, beams, etc.

The challenges of processing continuous fiber composites by powder-
based methods, especially sintering, have led to the investigation of a
variety of other processing techniques. These offer a range of capabilities
in terms of composite character, constituent materials, and composite sizes
and shapes. After hot pressing, the next most common method of processing
continuous fiber composites has been by CVD/CVI. While this method typically
cannot reduce porosity below the 10-20% level, it has potential for being
cost effective and clearly can produce substantial sizes and considerable
variation in shape. It may also provide some advantages in terms of avoiding
oxidation embrittlement at high temperatures due to the deposition tending
to encircle the individual fibers and, hence, potentially giving them greater
protection. This protection may also result, in part, from the porous nature
providing alternate paths for microcracking, i.e. between the pores rather
than through the deposition to the fibers allowing environmental attack of
the fiber matrix interfaces. Clearly, much more needs to be known about how
to achieve uniformity and control porosity gradients for this type of
processing. Nonetheless, this technique appears to have significant
potential for future processing of continuous fiber composites.

Polymer pyrolysis also appears to hold considerable promise for
processing continuous fiber composites. However, the very Tlimited
availability of even a few polymer precursors, mostly in the early stages of
their development, leaves a great many unknown factors. These include much
understanding of the size and shape of composites that can be practically
achieved by this route because of very limited information on shrinkage and
gas evolution details during pyrolysis. Similarly, developing composites
with cementitious based matrices and by reaction processing appear promising.
However, the levels of porosity, their uniformity, fiber attack by matrix
constituents, etc., are all unknown. Finally, melt and related processing,
e.g. by directional solidification, have promise within the substantial
constraints of size and shape (mainly approximately prismatic bodies), to
which this can be applied.

Clearly, beyond the overall generic issues of processing, there are many
specifics of each processing method that need to be filled in. These were
beyond the scope of this paper, both because of length as well as the basic
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level of knowledge in this area. Considerable chemical sophistication has
already been brought to bear in processing of particulate composites, but
more development is required. Trade-offs as well as possible combinations
with other methods, 1in particular melt derived powders and possibly some
direct melt processes, are clearly one of many areas for further exploration
and development. Similarly, considerable work is now underway in developing
more processing details for whisker composites. Thus, work appears to be
getting underway to improve the definition of issues such as the relevance
of matrix powder particle size distribution, whisker aspect ratios, and
particularly, the interrelationship of particle and whisker dimensions.
Also, as noted earlier, the important issue of controlling -interfacial
chemistry has begun to be fairly extensively explored in continuous fiber
composites and is now beginning to be looked at for whisker composites.

Major issues remaining in the development of composites are finding
suitable applications and achieving the cost performance necessary for these.
Clearly, both are directly coupled to processing issues. A fairly
encouraging start has been made with whisker composites wherein there is
already a whisker toughened cutting tool on the market. This is a relatively
high value added application which is an excellent place to introduce high-
technology materials. This follows on the use of other composite materials,
i.e. particulate composites, for cutting tools and special wear components.
However, for the field to significantly further develop, it will require
other high value added applications as well as a spectrum of progressively
less high value added applications that can be addressed as both material
costs and processing costs are reduced by further development.

Most of the field of ceramic composites is still in an early state of
development. However, the very encouraging progress to date, combined with
the increasing recognition of the potential advantages of ceramics, is
expected to provide substantial and growing stimuli for further development.
Such development will, of course, be challenging to not only meet these
goals, but also to meet the competition from other materials which will range
from improving polymeric based composites, developing metal matrix
composites, as well as continued improvement of more traditional ceramics,
as well as ceramic coatings {mainly on metal substrates). However, while
there will be competition between ceramic composites and other more
traditional ceramics, there will also be synergism, for example, from the
observations of processing improvements obtained from microstructural
refinement resulting from low levels of second phase additions. Continued
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development of ceramic composites and the interaction of this with other

improvements 1in ceramic technology are expected to play major roles in

broadening the use of ceramics.
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Injection Moulding of Fine Ceramics

J.R.G. Evans
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Uxbridge, Middlesex, UB8 3PH, UK.

1. INTRODUCTION

The wuse of polycrystalline high temperature ceramics in

3,4) applications has been made

(5,6)

reciprocating(1‘2) and turbine engine
possible by considerable developments in the fabrication of fine powders
and in understanding the sintering process(7'8). Covalent ceramics such as
SiC(g) and Si3N4(10) as well as oxides such as Zr02(11) and Zr02— or SiC-
toughened A1203(12) have been used in experimental engines. There are many
less exotic but important, applications for fine ceramics in wire drawing
dies, cutting tools, molten metal handling and in agriculture.

Fine technical ceramics can be fabricated in three stages:
1) preparation of a suitable powder,
2) creation of shape and form in an assembly of particles, and
3) sintering of particles.

Historically, it was the development of the last stage in the sequence
which was investigated first and in greatest detail. Important developments
were the ability to sinter fine powders of SiC and Si3N4 to near full density
in the 19705(13’14). Subsequently, attention focussed on the characteristics
of starting powders; largely due to the influence of H.K. Bowen. This has
led to fine Ti0,(1), a1,048), 20,017, 5ic(18) ang $i3N,(19) pouders
which have in common, submicron, uniformtly sized particles of near spherical
shape. Such powders have a lower space filling efficiency than wide size
distribution powders but are capable of forming uniform assemblies free from
large pores. The absence of differences in particle size minimizes the
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driving force for grain growth during sintering (see also Chapters 1 & 2).

The second stage in the sequence has been left until last but now, as
ceramic mechanical devices move closer to mass production, it becomes
unavoidable. Of the methods available for creating shape and form in ceramic
particle assemblies two in particular offer versatility to the engineering
designer; slip casting and injection moulding.

S1ip casting has a strong tradition in the ceramics industry and has the
advantage over injection moulding that it needs no binder removal stage.
Neither does it require the capital associated with injection moulding
equipment. Slip casting tends to require greater operator skill and to be
less conveniently automated (see also Chapter 3).

Figure 1 shows a silicon nitride precombustion chamber manufactured by
Kyocera. The shape appears simple but contains an oblique oval hole
surrounded by sharp knife edges. It is an example of a shape which would be
very difficult to mass produce by slip casting.

Turbine blades have been made by injection moulding silicon carbide
powders and are accurate to 50um over the blade profile after 18% linear

1cm

Figure 1: Silicon nitride precombustion chamber.
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shrinkage(zo). In many applications e.g. exhaust valves, turbine blades and
precombustion chambers, a minimal amount of final grinding is necessary after
sintering. The aim of the moulding process is therefore to produce an
unsintered particle assembly which will shrink isotropically to yield a shape
slightly oversize for final machining. Distortion of the body during

moulding, binder removal or sintering may render the component useless.

The selection of materials for injection moulding has recently been

(22). The purpose of this

r‘ev‘iewed(m) as have injection moulding techniques
chapter is to review the general principles that govern the injection
moulding of ceramic suspensions in order that the reader may readily access
the extensive literature which offers insights into a very complex process.
Probably the most serious unsolved problems are i) the control over residual
stresses which are established during solidification in the cavity in large
selections, ii) the removal of organic vehicle from Jlarge sections,
particularly where fine powders are employed and iii) the control of machine

wear. The latter problem is beyond the scope of the present work.

In considering ceramics fabrication by plastic processing methods
considerable information is drawn from polymer processing technology and the
interdisciplinary nature of the work provokes the ceramics community to

embrace meritorious developments in this area.

The small contribution that the Brunel University Ceramics Fabrication
Group has made to the understanding of this process has been made possible
by the wide explorative remit afforded by the UK Science and Engineering
Research Council which has permitted stepwise investigation without a demand
for perfect finished products.

2. COMPOUNDING

The initial stage in the moulding process, which is also a stage that
has received scant attention until recently, involves dispersing fine ceramic
powder in a polymer blend. The matrix phase is referred to either as a
vehicle, a term drawn from the paint and printing ink industry, because its
purpose is to render the ceramic fluid, or as a binder because it also serves
as an adhesive between particles. The objective of the compounding stage is
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to disperse agglomerates and to distribute particles uniformly throughout the
matrix. The measure of uniformity is the characteristic volume which is the

amount of material at every location throughout the mixture within which the
position of individual particles is unimportant. The dimensions of the
characteristic volume can be found from the critical flaw size needed to
produce a desired strength in the sintered product.

The compounding stage may provide a material that is suitable for
ceramics fabrication by various plastic forming processes. These could

(21,22) (23), (28)

include 1injection moulding blow moulding extrusion

calendering, melt spinning or even vacuum forming.

Considerable work on the dispersive mixing of polymer-ceramic blends has
been carried out by the polymer composite industry. Carbon blacks are used
as fillers in rubber(zs), and calcium carbonate, mica or sand are added to

(26). Minerals such as aluminium

thermoplastics for reinforcement or bulking
trihydrate(27) or magnesium hydroxide(zs) are added to polymers as flame
retardants(zg) and magnetic(so) or die]ectric(31) powders have been blended
in high volume loadings to produce cheap magnetic or dielectric composites,

often with special mechanical properties.

In Jow viscosity fluids, considerable effort has been devoted to the
dispersion of concentrated suspensions for slip casting or tape casting. In
aqueous media it is the electrical behaviour of the solid-liquid interface

(32),

which is used to preserve dispersion In non-aqueous media dispersion

and deflocculation have been achieved by employing strongly polar

so1vents(33) (34).

or by adding surfactants

In polymer systems, however, the high non-Newtonian viscosity of the
fluid would make dispersion based on these forces a slow process. Dispersive
mixing is achieved by the application of shear stress to the mixture and the

efficiency of dispersion therefore depends on machine design(35).

3. MIXING DEVICES

Blending equipment is available with zero, one or two principal moving
parts. The former are motionless mixers in which fluids are pumped through
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contoured passages which apply strain to the mixture. These tend to be
unsuitable for high viscosity systems. Single blade type mixer‘s(ss) are
effective in imposing strain and hence producing distributive mixing but
cannot apply a shear stress uniformly to the mixture. Single screw extruders
are not efficient mixing devioes(w).

Double blade mixers such as the 'Z' blade mixer shown in Figure 2, have
been used for the preparation of wax based injection moulding mixtur‘escae'ag)
but have the disadvantage that the material can find 'dead' spaces in the
vessel. The greatest success has therefore been achieved with double cam
type mixers{?0) twin ro11 mi11s(41) and twin screw extruders(42),

The latter have been shown to be particularly suitable for the
preparation of filled po‘lymers“’a) and engineering ceram'lcs(“). Twin screw
extrusion was developed in Italy in 1949(45) and is now well established as
a polymer compounding technique(a's). Four types of extruder are available
depending on whether the screws intermesh or not and on whether they counter-
or co-rotate. Intermeshing co-rotating extruders are found to provide
intensive mixing and are available +in designs which allow rapid modification
of modular screw configuration to suit different ma‘ber‘ia'ls(”). an example

i -
b

Figure 2: An oil-jacketed 'Z' blade mixer.
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Figure 3: Co-rotating twin screw extruder used for compounding high filled
polymers(44).

of which is shown in Figure 3. They have been shown to be effective in
dispersing soft agglomerates in conventional ceramic powders(u). The screw
configuration shown in Figure 4 incorporates a cascade of mixing discs to aid
dispersion. Prefired densities of dispersed powders were found to be higher
than the cold die pressed powder and this 1is another indication that
agglomerates have been dispersed(“).

Techniques for assessment of dispersion in real polymer systems are
sparse but Hornsby and oouorkers(‘s) have investigated contact
microradiography, acoustic microscopy, transmitted and reflected Tight
microscopy and scanning electron microscopy and automatic image analysis to
quantify the state of dispersion. In ceramic systems, removal of the polymer
followed by partial sintering and scanning electron microscopy of polished
sections or fracture surfaces reveals the existence of undispersed
agg1merates(44). The incorporation of small amounts of carbon black aids
in optical microscopical identification of some undispersed oxide ceramic or

polymer cunponents(“).

The importance of dispersion can be deduced from Lange's work on the
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Figure 4: Diagram of the twin screw extruder configuration used for
processing ceramics at Brunel University.

role of agglomerates as a source of strength-limiting defects. In general,
different sintering rates occur when agglomerate prefired densities differ
from the matrix prefired density and for normal sintering the densification
rate is inversely proportional to the prefired density of the powder(49) (see
also Chapter 1, this volume). For subnormal sintering, i.e exceptionally low
prefired densities, lower sintering rates are noted for low prefired

(50). Direct experiments on bulk samples have shown that differential

density
sintering due to different prefired density sets up stresses in the
composite(sn. In the case of agglomerates in ceramic assemblies these
stresses can cause circumferential cracks (Fig. 5a) if the agglomerate
sinters faster than the matrix or radial cracks if the matrix sinters faster
(Fig. 5b)(52). A further disadvantage of agglomerates is that their presence
may lead to pores with large grain co-ordination numbers which may become

stable during sintering and this tends to limit the final density(53).

Fine particles frequently show agglomeration under the influence of

London dispersion forces(54), hydrogen bonding between adsorbed water layers,

(55)

hydrostatic tension within bulk 1liquid lenses , or solid bridges arising

from the manufacturing process or from added sintering aids.
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matrix

agglomerate

Figure 5: Defects originating from undispersed agglomerates caused by a)
agglomerate sintering faster than the matrix (pa < pm) and b) matrix
sintering faster than the agglomerate (pm < pa).

Agglomerates of the latter type may be very difficult to disperse and
such powders may require milling. Soft agglomerates are generally
dispersable for the purpose of slip casting and preliminary work has shown
that they can be dispersed 1in intensive mixers prior to injection

mou1ding(44).

The force needed to separate two spherical particles of radii rira
initially in contact, by dispersive mixing in simple shear flow in a fluid

of viscosity, n, is given by(ss);

Frax = 3 AY rqro 1

where Yy is the shear rate. Thus, the force on the particles can be increased
by increasing the shear stress ny. This can be achieved by increasing the
viscosity perhaps by lowering the processing temperature or by increasing the
shear rate by increasing the machine speed or decreasing the flow gap. It
is unfortunately the case that the product of particle radii, rirto.
determines the force to separate them. Thus small particles are less easily
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separated in shear flow than large particles. The dispersion of very fine
zirconia powders in shear flow has been shown to be limited for these

reasons( 57 ) .

4. PARTICLE SURFACE MODIFICATION

There has been extensive interest in the surface modification of mineral
fillers for incorporation into polymer systems. Stearic acid has been used

as a component of injection moulding b1ends(58'59)

and the acid groups are
thought to chemisorb on basic mineral surfaces. It is possible that the
stearic acid also acts as a plasticizer or lubricant for the polymer. The
importance of acid-base interactions in the formation and stabilization of
deflocculated polymer-mineral suspension is highlighted by Fowkes and co-

workers (60)

suggesting that dispersion and adhesion are enhanced by matching
a basic filler with a polymer containing electron acceptor groups. The
treatment of particle and fibre reinforcements for polymers with so-called
coupling agents is commonplace. In particular s-i]anes(61). t-itanates(sz),

(63) (64)

zirconates and zircoaluminates are used to improve dispersion, reduce

viscosity or increase adhesion.

Silane coupling agents have been used for many years to pretreat fibres
for incorporation in composite materials to improve mechanical properties and
resistance to aqueous environments and they are also effective in enhancing
adhesive joint strength(ss). Subsequently, organic titanates were used as

adhesion promoters for coati ngs( 66) .

The mechanical properties of as-moulded
ceramic bodies may be important in determining the incidence of defects
during solidification, ejection and handling as described below, but much
interest in the use of coupling agents focuses on improvements in melt

fluidity and dispersion of powders.
Silane coupling agents are generally of the form:
XSi(0R)4
where (OR) is an alkoxy group, readily hydrolysed in the presence of water

to yield a silanol. X is a group which is selected to react with, or to be
compatible with, the polymer. After hydrolysis:
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XST(OR)3 + 3H,0 » XSi(OH)3 + 3ROH

the silanol may condense with hydrated metal (M) oxides to give an -Si-0-M
bond or it may form a hydrogen bond with adsorbed OH groups:

—-—l’i—-—O—H———-O—M-——

| ||
H

Organic titanates are thought to adsorb in a similar way. The coupling
agents, may be added directly to the polymer-ceramic blend, blended directly
with the powder or used to treat the powder from so]ution(67). Additions are
generally made on an ad hoc basis at the level of 0.2 - 2 wt.% based on the
filler. In general this produces more than monolayer coverage of the filler
surface and the structure of the initial chemisorbed layer and subsequent
physically adsorbed layers is a matter of considerable interest(ee).

There are a number of examples of the addition of organic titanates
reducing the viscosity of filled systems and thus allowing higher volume
fractions of fﬂ1er(69). Han and co—workers(70) report that the viscosity
of polypropylene and high density polyethylene composites with CaCO3, talc
or glass fibre fillers was reduced by the addition of 0.5 or 1 wt.% of an
appropriate titanate based on the filler. However, the mechanical properties
of the solid composite were adversely affected. In a similar study(n) they
showed that a silane coupling agent with a paraffinic X-group decreased the
viscosity of polypropylene filled with glass or CaCO3 whereas an amino-
functional silane decreased the viscosity of the CaCO3 system but increased
the viscosity of glass systems. In a study of nylon-filled systems, Han and
co-workers(72) found that silane and titanate coupling agents increased the
viscosity of ny'lon—CaC03 but that an amino-functional silane and a titanate

reduced the viscosity of nylon-wollastonite systems.

A basic study of surface active species on the properties of filled
systems was performed by B1‘gg(73) using coarse (5-44um) steel spheres at
volume fractions up to 0.7. This showed that addition of both a silane and
a titanate coupling agent increased the viscosity of polyethylene-steel
composites.

Coupling agents with unreactive paraffinic X groups have been shown to
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reduce the viscosity of ceramic injection moulding suspensions incorporating
coarse silicon powder and fine silicon n-itr-ide(74). However, it should be
remembered that coupling agents may have several effects; they may enhance
wetting of the filler or reduce particie attraction thus improving
dispersion. They may chemically combine a polymer layer to the particle
surface thus increasing the effective volume fraction of filler and this
would tend to increase viscosity. They may act as a low molecular weight
plasticizer for the polymer phase; an effect which may be substantially
independent of the filler altogether. Thus titanate and zirconate coupling
agents were shown to reduce the viscosity of zirconia-polypropylene
suspensions but also to reduce the viscosity of the organic vehicle in the

(75). Furthermore, a triglyceride, similar in molecular

absence of powder
structure to the coupling agents selected but without the coupling group,
performed in a similar way(75). Contact angle experiments showed that the

titanate did not enhance the wettability of the ceramic surfaoe(75).

5. FILLING THE CAVITY

The injection moulding process originated with metal die casting and was
first used for polymers in 1878(76). The technique is recorded as being
used for ceramics fabrication in 1937(38) but development of the ceramics
process over the last fifty years has not been systematic and reporting of
experimental detail has been sparse. In the last ten years there has been
renewed interest in the process as ceramics are used increasingly in mass
produced devices.

Two principle designs for injection moulding machines are available and
are characterized according to the method of plasticization. A simple
plunger machine is shown in Figure 6 and it is held that such designs suffer

less from abrasive wear when used with ceramics(77).

In the plunger
technique, the process of bringing the material uniformly to the desired
temperature in the shortest possible time is hindered by the limited forced
convective flow in the chamber. Thus the pressure in the nozzle of the
machine can vary widely as materials of widely different viscosity flow into
the mould. In order to improve heat transfer a torpedo or spreader is

incorporated into the barrel.
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Figure 6: A plunger injection moulding machine.
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Figure 7: A reciprocating screw injection moulding machine.
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A reciprocating screw machine is shown in Figure 7 in which material
flows in the channel of an helical screw the entire length prior to
injection. The rotational flow and close contact with the heated barrel
bring the material to a uniform temperature and metering, homogeneity,
injection pressure control, reproducibility and cycle time are thereby
improved(78).

(79)

Alternative designs of low pressure equipment are available wherein
a ceramic suspension in a wax based binder is injected into a mould by
pneumatic pressure and this is claimed to avoid some of the wear associated

with high pressure devices.

The advantages of the plunger machine and the excellent plasticizing and
compounding effects of the twin screw extruder have been combined into one

(80), The in-Tine compounding/moulding machine shown

device by U.K. inventors
in Figures 8 and 9 uses a twin screw extruder to compound highly filled
materials for ceramic injection moulding and for artificial bone. The
feedstock is premixed or metered ceramic and polymer powder. The compounded
and plasticized material is fed through a non-return valve into a plunger
barrel from where it is injected into the cavity. The oscillating packing
device allows control over solidification in the cavity and this aspect is

discussed in further detail below.

The plunger and screw machines behave in a quite different way in the
plasticizing stage but essentially the mould filling stage is the same. For
thermoplastic systems the fluid suspension is forced under pressure through
passages of different cross section into a colder mould. The fluid is
frequently non-Newtonian and the temperature is non-uniform so that mass flow
behaviour is extremely complex.

The incorporation of a ceramic powder into a polymer tends to reduce the
specific heat and increases thermal conductivity. The resulting increase in
thermal diffusivity results in rapid chilling in the sprue, runner and
cavity. Viscosity of filled polymers is generally considerably higher(m)
and filled system often show yield point behaviour.

Rather than understand the system, the approach to moulding technology
has tended to be to adjust moulding conditions according to general rules
until satisfactory mouldings are obtained. In this context there are a set

of 'machine variables', listed in Table 1 and a set of 'material variables'
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Figure 8: The in-line direct blending injection moulder developed at Brunel
University for fabrication of engineering ceramics ard artificial bone.

oscillator

/ twin screw extruder \

check valve

Figure 9: Schematic diagram of the in-line compounding-injection moulding
machine.
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Main Machine Variables

Barrel temperatures: feed zone to nozzle

Plasticization variables: screw rotation speed
plasticization counter pressure

Mould temperature

Mould design (Sprue runner and gate geometries)

Injection speed

Injection pressure-time profile

Post injection hold pressure

Post injection hold time

Material Variables - relevant to mould filling and solidification.
Viscosity at shear rates in the sprue runner and mould (1005'1)
Flow behaviour index
Temperature dependence of viscosity in the region just below the

injection temperature
Solidification temperature
Volumetric shrinkage associated with crystallinity
Equation of state
Thermal diffusivity
Coefficient of thermal expansion in the solid state
Mechanical strength
Elastic modulus

Table 1: Machine and material variables relevant to ceramic injection
moulding.

(82)

discussed below. In general, the guidelines for polymer moulding can be

applied, mutatis mutandis to the ceramic moulding situation.

Thus the failure to fill the cavity (short shots) can be attributed to
Tow barrel temperture, mould temperature, injection pressure or injection

speed. The incidence of weld lines in mouldings, which diminishes the

(83)

toughness of polymers and is more severe for ceramics, can be avoided by

proper mould design. The suspension should not have to split to overcome an
obstacle and the cavity should be side gated so that a 'plug' of material

flows into the main cavity(84).

An example of such an arrangement is shown
in Figure 10 where a step wedge is used to investigate defects in mouldings

of different cross section(ss). The gate is situated on the side of the
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Figure 10: Side gated step wedge moulding used to study defects in various
mould sections.

largest section of the cavity. The nature of flow into the cavity can easily
be discerned by producing a series of short shots. In this way the
appearance of 'jetting'; producing a coil of material and hence a body
replete with internal weld lines can be noted. Die swell, observed in high
polymers as the melt front emerges from a narrow channel helps to prevent the
phenomenon of jetting into a cavity for unreinforced polymers, but is largely
absent when the polymer contains large amounts of f'il'ler(sﬁ).

Mould filling is also facilitated by the incorporation of small vents
machined on the face, to allow air to escape as the material enters.
Frequently, the ejector pin clearances are used for this purpose but they can
become blocked especially if waxes are used in the formulation or release
agents employed.

Thus by a combination of the viscosity characteristics discussed below
and the machine parameters, a moulded body can be produced which is slightly
smaller in dimension (by < 1% Tlinear) than the cavity. The slight
contraction, caused by the higher thermal expansion of polymers compared with
most metals and ceramics, assists in ejection of the component.
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6. FORMULATION OF MOULDING COMPOSITIONS

The approach to formulation of the injection moulding vehicle has
recently been reviewed(21),  The polymer blend is often composed of three
components: major binder, which determines the overall range of properties;
minor components, which are often low molecular weight species such as
plasticizers for the main binder; and processing aids which modify the
particle-binder interface or act as lubricants.

The blend should have the following characteristics:

- A capacity for dispersing the ceramic powder in the chosen mixer by
breaking up agglomerates, removing entrapped gas and distributing the

particles.

In this respect it should have a sufficiently high viscosity at the
mixing temperature for the imposition of shear stress on particle clusters
under the influence of machine-imposed shear rates. Conditions of polymer-
ceramic wetting may be desirable for stability of the dispersion but the long
time required for establishment of the equilibrium contact angle of a high

polymer on a mineral surface(a7)

compared with processing times probably
means that equilibrium surface energetics have little importance during the

actual mixing process.
- Stability under mixing and moulding conditions.

It is often the case that highly fiiled polymers, V > 0.5, must be
processed at 10 - 20°C above the normal temperatures for the polymer. Some
degradation is therefore to be expected. The use of antioxidants may be
undesirable because it may interfere with the subsequent burnout stage.
Under no circumstances should degradation proceed to the stage when volatile
degradation products are liberated during processing. Mixing procedure has
been shown to influence degradation of the organic vehicle and hence

viscosity of the ceramic suspension and polarity of the organic veh1'c'|e(88).

- Confer fluidity on the powder sufficient for complete filling of the
cavity.

This aspect is discussed below.
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- Confer adequate strength to the body during ejection from the mould,
handling and in the initial stages of burnout.

Distortion during ejection may be caused by low yield stress in the
solidified body(ag) and is avoided by employing semicrystalline polymers or
waxes or species with a glass transition temperature above ambient.

- Leave a low residue after polymer pyrolysis.

It 1is important for high performance ceramic applications that the ash
content of the polymer blend should be low in silicates and alkali metals.
For moulding of non-carbide ceramics it is desirable to have a low residual

carbon content.
- Be readily available at acceptable cost.

Where special polymers are incorporated into the blend their availability and
reproducibility of composition may cause problems. The pricing of the
polymer blend is clearly a function of the added value it confers on the

ceramic.

The viscosity of polymer-ceramic blends is dependent on the volume
fraction, size distribution and shape of the part-ic]es(m) and partly on the
nature of the organic component. Volume fraction of powder of the order of
70 vol.%Z can be obtained with wide particle size distribution(go) but the
increasing emphasis on fine monosized powders means that volume loading and
hence prefired densities need be much lower; typically in the 55-60 vol.%
range. Although the critical powder volume concentration (CPVC) is a useful
indicator of the approximate volume fraction of an unknown powder which can
be incorporated in an organic veh'ic'le(91) it is preferable to have a
knowledge of the relative viscosity - volume loading curve for a given
powder. Of the many semi-empirical relationships which are approximately
valid at high powder loadings, a modification of that due to Chong,
Christiansen and Baer(gz) has been found to be reasonably general for ceramic

suspensions(93):

v -ov?
L A 2
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Here n. is the suspension viscosity divided by the viscosity of the unfilled
organic vehicle measured under identical conditions, C is a constant which
in Chong's original equation was 0.25 and Vp, is the maximum packing fraction
of ceramic powder at which viscosity approaches infinity. If equation 2 is

rewritten as:

it can be seen that a minimum of two viscosity measurements at different
volume loadings can be plotted as a straight 1ine to give the constant C and

the maximum packing fraction Vm.

A number of methods are available for production of maximum packing
efficiency from particle characteristics(g4—96) but the accuracy with which
such procedures could predict Vi for the purpose of predicting viscosity of
suspensions is questionable. Note that the denominator in equation 2, as in
other relative viscosity-volume fraction relationships for use at high volume
fractions, is a function of the 'free volume' fraction of organic vehicle
over and above that needed to fill the interstices between contacting
particles.

Mutsuddy has attempted to relate capillary rheometer measurements of
viscosity to moulding trials and others have done the same for unfilled
po1ymers(98).
injection moulding. In the first place he drew attention to the absolute

Neir(gg) developed a criterion for acceptable rheology for

viscosity at low shear rates, typical of flow in the nozzle, sprue and

-1 (97) at which to measure

cavity. Mutsuddy selected a shear rate of 100 s
viscosity. In a reciprocating screw machine, shear rates vary between 100-
1000 s~ 1. Mutsuddy(97) suggested that viscosity at 100 s~ should be less
than 1000 Pas at a suitable nozzle temperature. Dilatancy should be absent
over the entire shear rate range encountered in the injection moulding
machine. Furthermore, the temperature dependence of viscosity expressed
either as an activation energy or as d log/dT should be low in the region
(59'99'100). The reason for this is that

the final stage of mould filling, immediately before complete solidification

Jjust below the moulding temperature

of the sprue, involves a competition between shrinkage of the molten core and
flow along a capillary of diminishing radius. Pressure drop in the cavity

occurs when:
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[ dav ] [ dv ]
—_ 2 —_ 4
dt shrinkage dt flow

The left hand side of the inequality is governed by thermal contraction and
shrinkage associated with phase changes whereas the right hand side is
increased by a low temperature dependence of viscosity, a large sprue radius

and a high hold pressure.

Table 2 shows the flow characteristics of a range of suspensions each
conveying 65 wvol.% silicon powder(sg'mo). Compositions based on

polypropylene have found favour with a number of practit'ioners(101_103).

7. SOLIDIFICATION IN THE CAVITY

It 1is interesting to note that successful dinjection moulding of
engineering ceramics has been accomplished in the past with parts of small
cross section such as individual small ceramic turbine blades or thread
guides. When moulded parts contain large sections such as the hub of a
rotor, problems are likely to be encountered, not just at the polymer removal

Major Binder Minor Binder Temp 1/n n dlogn/dt

°c  pals7! Pas K
x1073
Wax blend - 90 7.9 0.57 -31.6
Polypropylene - 225 0.7 0.3 - 1.7
Polypropylene wax 225 1.1 0.25 - 0.3
Polypropylene dioctylphthalate 225 1.2 0.36 - 2.3
Polypropylene wax 195 0.9 0.51 -10.5
Ethylene-vinyl- wax 195 0.9 0.57 -10.2

acetate

Table 2: Rheological characteristics of ceramic moulding compositions based
on 65 vol%Z silicon powder and 2 wtX stearic acid.
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stage but during the moulding of thick sections. For these reasons some
organizations have adopted a two-stage manufacturing route for turbo

rotors( 104) .

The sequence of events as the thermoplastic moulded part cools in the
cavity exerts a subtle but important influence on the production of sound
mouldings. Unfortunately, the shrinkage of the moulded component is non-
uniform; the material at the cavity wall solidifies first and residual
stresses are generated during solidification. In the early stages of mould
filling the sprue remains molten and the centre of the moulding continues to
fill. After solidification of the sprue the centre of the moulding

solidifies and shrinks in isolation.

To prolong pressure transmission to the material in the cavity, the
sprue, runners and gate should be as large as possible and temperature
dependence of viscosity should be Tow. When the largest moulded section is
much larger than the sprue, other methods are needed to keep the sprue molten

and these are discussed below.

Much of the shrinkage of a moulded body may be taken up by mould packing
under the influence of post injection pressure, but residual shrinkage may
give rise to tensile stresses in the centre of the component(ws). A number

of techniques have been evolved to measure these stresses experimentall y(106—

108) and for simple shapes they can be ca'lcu'lated(wg). The application of
very high pressures during moulding can reverse the sign of these residual
stresses(no) but such pressures are beyond the scope of most moulding
equipment. Residual tensile stresses 1in the interior of unfilled
thermoplastic polymer mouldings are frequently relieved by deformation and
the appearance of characteristic sink marks at the surface. Unfortunately,
in highly filled polymers the material rigidity and faster cooling rates
sometimes prevent the relaxation of stresses in this way and defects may
appear 1in the centre of mouldings. These may take the form of voids or
clusters of micro-voids or cracks (Figure 11). Thomasun) has shown how
voids can be prevented by the manipulation of hold pressure, but even when
voids were absent, residual stress-induced cracks appeared in large sections
and were most pronounced after removal of the organic vehicle. Hunt and co-
workers(nz) have modelled the conditions for void formation in an injection
moulded ceramic body from knowledge of the thermal properties of the

suspension.
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Figure 11: Optical micrograph of shrinkage voids in an alumina moulded part.

The resistance to cracking is expected to be influenced by the bulk
mechanical strength of the composite and hence dependent on particle-polymer
adhesion(113),  Such adhesion is known to be influenced by the polarity of
the pohmer(n"') and therefore polymers such as vinyl acetate copolymers or
acrylics are advantageous. On the other hand the adhesion of polyolefins,
used in the form of waxes or high polymers for ceramic injection moulding is
likely to be influenced by the extent of oxidation; not least the oxidation
brought about during processing.

Other factors that affect the incidence of defects during solidification
are thermal shrinkage from the solidification point to room temperature and
shrinkage due to crystallization of semicrystalline po'lymers(as). In this
respect it was found that a low solidification temperature was desirable and
that the minimum of crystallinity compatible with rigidity of the moulded
component was advantageous(ss). Rigidity is especially important in moulding
of high aspect ratio components where irreversible distortion could result
in scrap. It can be achieved either by the use of an amorphous polymer with
Tg greater than ambient temperature or by semicrystalline polymers or waxes.
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Avoidance of shrinkage-related defects in mouldings can be achieved by
attention to the material properties described above or by machine
techniques. In this latter respect there are several ways of controlling the
solidification and shrinkage in the cavity. Perhaps the simplest, used in
the polymer processing industry, is the use of hot runner moulds. Rather
than allow the sprue and runner to solidify before the larger sections of the
moulding, they are kept molten by electrically heated inserts. Meanwhile,
the screw or plunger of the moulding machine continues to pack the centre of
the cavity and compensates for shr*inkage(ns). Hunt(ns) shows how a sprue
which 1is alternately heated and cooled can improve mould packing while
avoiding the problem of leaving part of the next charge in the heated sprue.

Another method for overcoming this type of defect is the use of combined
injection/compression moulding device such as that described by Thomas(”7).
The simplest type of mould consists of three parts; a mould cavity, an upper
and a lower platten. The injection barrel and nozzle register with a sprue
bush and discharge a metered quantity of molten material into the cavity.
A press ram then advances, shearing and blocking the gate and compressing the
material into the cavity. It is claimed that such mouldings are free from
bubbles and sink marks because pressure is applied to the entire moulded part
during solidification. There are, however, limitations in component shape

which are not inherent in injection moulding.

An alternative method of controlling solidification is to apply an
oscillating pressure to the material in the cavity. Techniques to achieve
this have been devised(ne’ng) and employed with great success in the
moulding of thermop'lastics“zo)
po1ymers(121). After the cavity has been filled, an hydraulically driven
piston applies oscillating pressure to the material in the sprue and runner

and particle or fibre reinforced

with a cushion pressure held on the screw or plunger (Figure 12). The energy
transmitted through the fluid is partially expended as heat in the centre of
the sprue and runner and in this way the entire solidification and mould
packing cycle is controlled. This technique has been successfully applied

(122). Cracks which appeared in mouldings of

to ceramic injection moulding
silicon powder using a wax binder were overcome by applying a post injection
oscillating pressure to the cavity. The 1in-line compounding injection
moulding machine shown in Figures 9 and 10 has this facility built into the
plunger barrel. Early work on the technique identified severe localized wear
in the oscillator barrel and piston and a device was constructed to receive

interchangeable parts to assess wear resistant inserts(123'124).
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plunger
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Figure 12: Diagram of equipment for application of oscillating pressure
during solidification.

The influence of modulated hold pressure on the sprue solidification
time and quality of mouldings has been demonstrated with silicon nitride and
silicon suspensions and a rotor mou'ld(125). An increase in pressure
amplitude was found to eliminate cracks in the moulded state and rotors could
be heated near to the softening point of the suspension without the
appearance of cracks. At very high pressure amplitudes cracks again
appeared. Clearly the residual stress distribution is a complex function of
pressure amplitude and at present can only be adjusted empirically. The
combined effect of mould temperature adjustment and modulated hold pressure
has shown how sprue solidification can be adjusted and it also allowed an
estimate of sprue power input(126). The power per unit volume disipated in
viscous flow is proportional to the product of viscosity and the square of
shear rate. The dependence of sprue heating by modulated pressure on
viscosity was demonstrated by modifying viscosity with coupling agents

without affecting thermal diffusivity(125),

It is hoped that this section emphasises that it is not enough to select
materials and machine conditions which will allow the mould cavity to be
filled uniformly and without the incidence of weld lines, but it is also
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necessary, in mouldings which incorporate thick sections, to be able to
control the progress of solidification in the cavity by prolonging access to
the moulded part during solidification. This can be achieved in several

ways:

i) attention to material properties;

ii) use of large sprue, runner and gating systems;

iii) use of heated sprues or hot runners;

iv) use of appropriate static hold pressures;

v) use of machine techniques which combine compression and injection
moulding; and

vi) use of modulated hold pressures.

8. REMOVAL OF ORGANIC VEHICLE

The removal of organic species from ceramic injection mouldings is
frequently referred to as the most problematic stage in the process, not
least because it has received so little systematic attention. Once again,
the challenge refers specifically to mouldings with large cross sections
where the non-catastrophic removal of polymer could take weeks to accomplish.
Yet techniques for removal of the vehicle flourish in published work(zz) and
can be broadly classified into four categories:

i) fluid flow by capillary action;
ii) solvent washing;

iii) evaporation or sublimation; and
iv) oxidative or thermal degradation.

The former two methods have the considerable advantage that organic
vehicle is removed in the liquid state, obviating the need to convert it into
large volumes of gaseous product. The former method 1is particularly
attractive and has been widely practised for oeram*ic(127) and metal

powders(128).

In the author's experience it was possible to remove 49 wt.% of a wax
blend from a coarse silicon powder-wax moulding measuring 6mm x 12.5mm in
cross section by heating in air for 180 minutes surrounded by a fine alumina
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(Alcoa A16) powder bed. This procedure overcomes the dangerous early stage
when the pores in the ceramic body are completely blocked. In Wiech's work
the porous body need only touch the component over one small region to
withdraw the wax(129) . There seem to be two disadvantages to the process.
In the first place it appears to be most successful with very low viscosity
fluids such as waxes and may be less efficient with higher polymers. The
second disadvantage centres around the type of powder needed for the
surrounding powder bed. The partitioning of vehicle between moulded body and
powder bed involves a balance of capillary forces well known to ceramists in
the partitioning of glass between alumina and its metallized ooating(wo) and
controlled principally by the respective pore sizes. Thus assuming similar
contact angles for the fluid on the material of the moulding and that of the
powder bed, smaller pores are required for the powder bed. Clearly a problem
arises when fine ceramic powders are used for the body. Capillary pressure,
p, is inversely proportional to pore radius, r, so that the pressure

difference is:

cos 9.I - cos 92
bo=2vy| v T,

where y  is the surface energy of the organic liquid, © is the contact angle
on the ceramic surface and subscripts 1 and 2 refer to powder bed and ceramic
body respectively. However, the flow rate of liquid in a capillary, Q, is
proportional to the fourth power of radius;

nApr4
Q- 8nl 6

where n is the fluid viscosity. This disparity is well known in the filling
of porous substrates by adhes-ives(131). A further difficulty occurs with
fine powders as a result of adsorption of organic vehicle on the ceramic
surface. A static hydrodynamic layer approximately equal in thickness to the
dimensions of a random coiled molecule impedes the flow in fine

cap'i11ar'ies(132).

The use of solvent extraction is described in a patent by Str'ivens(133).
The binder is a mixture of two components, one soluble and one insoluble in
the chosen solvent. In the example given, a blend of a coumarone-indene
resin and an oxidised wax was used. The wax component could be substantially
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removed by solvent extraction in methylated spirits for 12 hours, leaving a
partially porous body from which the remaining binder could be removed by
pyrolysis. Once again, the technique addresses the problem of the initial
stage of binder removal when all pores are filled with resin; thermal methods
of extraction being suitable for the latter stage when mobility of gaseous
decomposition products in the body is enhanced by continuous porosity.
N'iech(134) finds it preferable to perform solvent washing when the wax-
ceramic body is heated above its softening point. One disadvantage of this
process in mass production is the problem of solvent handling under modern
safety standards.

The majority of work has used pyrolysis to remove organic binders.
Three mechanisms of weight loss can be ident'if'ied“ss) and their activation
energies can be measured by thermogravimetry. Low molecular weight species
are lost by evaporation which is not preceded by degradation processes. This

is the case for paraffin wax, for example. Plasticizers such as phthalates
(136) as are oﬂs(137)
n(138)

are frequently employed in thermoplastic binder systems
and these are likely to be removed by evaporation. Wiec prefers to
remove volatile species under an applied isostatic pressure from inert gas
which inhibits boiling. The sublimation of such materials as napthalene,
paradichlorobenzene and camphor has been used to bring the binder removal
time down to 12 hours in the moulding of precision cores for metal

casting(139).

The ceramics industry is accustomed to handling water based systems and
therefore there 1is considerable interest in water soluble polymer
compositions for oxide ceramics. The thermo-gelling properties of methyl
cellulose solutions have produced a successful moulding process for metal

(140) which could be adapted to ceramic suspensions. There is some

powders
interest 1in moulding processes which use chilled mould conditions below
ambient temperatures to produce solidification in a range of liquids. The
moulded article 1is ejected and the 1liquid component removed without

remelting, by sublimation under freeze-drying conditions.

When higher molecular weight organic species are used in order to
improve flow properties and mechanical strength in the moulded body, either
oxidative or thermal degradation processes precede evaporative loss and these
processes are reflected in activation energy measurements in thermo-
gravimetric ana’l_ys-is(135). Many investigators have used thermal degradation

of thermoplastic polymers or waxes in an inert atmosphere or vacuum as the
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(40'58'141). Thermal degradation processes

preferred binder removal process
proceed uniformly throughout the body generating low molecular weight
products of decomposition which must in turn diffuse, in solution, to the
surface and evaporate. The operator aims to control temperature and pressure
to prevent boiling of the degradation product solution. It follows that
there is a critical balance between the rate of generation of degradation
products and diffusion in the polymer-ceramic suspension. Polymers which
yield high boiling point products at first appear to be desirable. Indeed
polymers which decompose at temperatures below the boiling point of their
products would be ideal. Unfortunately such species are rare and frequently
present other disadvantages. However, high boiling point products have in
general, large molecular dimensions and hence they present lower binary

mutual diffusion coefficients in the parent polymer melt.

Many binder systems are composed of olefins either as waxes or high
po'lymers(m) and in this respect it is fortunate that olefin thermal

degradation is well researched(mz'ms). From the work of Kiang and co-
workers(144) the thermal degradation product range of isotactic polypropylene
is known (Table 3) and can be used to derive the total volume of gas to be

evolved from each moulding. From Table 3 it can be shown that 1g isotactic

polypropene can be expected to yield 0.235 x 10"3m3 of gaseous product at

3, and correcting to

3m3g—-

S.T.P. For a typical polypropene of density 905 kgm_
388°C where this particular pyrolysis occurred, this becomes 0.569 x 10™
1 or 513 times its own volume. Since the polypropene is likely to make up
40 vol% of injection moulded ceramic, some 205 times the volume of moulded
product must be lost as gaseous decomposition product at 388°C.

(146) gives a slightly

A similar experiment by Tsuchiya and Sumi
different decomposition product distribution to that given in Table 3.
Similar data is available for other polymers which undergo random chain
scission such as po‘|yethy1ene(142), waxes and po1y1‘sobuty'lene(145). Kiang's
paper also gives rate constant and activation energies for the pyrolysis
reaction (Table 3) and in principle this makes it possible to estimate the

rate of production of gases during decomposition.

When furnace atmospheres contain oxygen during the binder removal stage
the thermal degradation process is accompanied by, and frequently overwhelmed
by, a complex series of chemical reactions involving oxygen and oxygen-
containing free rad-ica1s(147). However, oxidative degradation tends to be
confined initially to the surface region by the rate limiting step of oxygen
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Degradation Product m.wt wmole Z (388°C for 60 min)
Isostatic Atactic
P.P. P.P.
Methane 16 0.5 0.5
Ethane 30 3.3 2.7
Propene 42 15.7 19.3
Isobutene 56 3.0 4.4
2-pentene 70 18.9 19.4
2-methy1-1-pentene 84 12.3 12.9
3-methy1-3, 5-hexadiene 96 1.0 1.0
2,4-dimethy1-1-heptene 126 33.6 30.8
2,4,6-trimethyl-1-heptene 140 1.0 1.1
4,6-dimethyl1-2-nonene 154 1.9 1.4
2,4,6-trimethy1-1-nonene 168 7.8 5.9
Cq3ton 178 0.8 0.7
First order rate constant sec™! 3.7 x 104 4.0 x 1074
Activation energy kdmo1~! 234 + 25 213 £+ 21

Table 3: Thermal degradation product range for isotactic and atactic
polypropene.

diffusion in the me]t(ma). Thermal degradation processes, needless to say,
continue in the interior and the overall weight loss is a complex function
of component shape. This has been pointed out by Mutsuddy(mg) who has
preferred binder removal in oxidising atmospheres. Other‘s(150) have found

pure oxygen to be advantageous.

Process control is facilitated by a weight loss control loop 1in a

(141).

thermogravimetric furnace designed by Johnsson and co-workers Using

silicon nitride at 57wt% loading in a polyethylene binder system the weight

1 which

loss was controlled at an overall linear ramp of 5 x 1073 g min~
1 in order to produce 20mm thick

cylinders. This reduced the total removal time, included heating up to the

represents approximately 0.06% wt. loss min~

initiation of weight loss, and removal of residual carbon to 33 hours. This
type of process control makes the manufacturing route much more attractive.

It is not restricted to weight loss sensors; gas detectors, gas pressure
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sensors and d.t.a. devices are used in polymer degradation studies and could
conceivably be applied to binder removal process control.

The idea that steady weight loss as a function of temperature in
thermogravimetric measurements 1is desirable for dinjection moulding
suspensions has led to the design of molecular weight distributions for this
purposemsz). Stedman(153) shows how organic species can be blended with
this objective by computer selection. While there is no doubt that the
thermogravimetric behaviour of organic vehicle can be tailored to assist
process control, it was found that no clear correlation existed between
thermogravimetric traces for a range of similar organic vehicles and the

defects in moulded bodies after pyro]ys*is(me).

Although in principal, injection moulding should be capable of servicing
a wide range of ceramic powders provided attention is paid to optimum volume
loading, there are several ways 1in which the powder chacteristics can
interfere with the binder removal. In the first place the powder can act as
a catalyst for thermal and oxidative degradation of some po'lymers(154). In
the second place, adsorbed layers may increase the effective volume fraction
of ceramic and impede diffusion of degradation products through the
suspension or fluid flow of the liquid binder in capillary extraction.

Many types of defect are produced during removal of the organic vehicle
and these have been cata'logued(eg). The diagnosis of these defects is not
simple. As it is reheated, the moulded body passes through a region where
delayed failure can cause cracking under the influence of residual

(125)

stresses Deformations as a result of residual stresses may also occur.

Prolonged heating at low temperatures may cause cracks because organic

(155). Slumping may occur in

degradation may take place at low temperatures
unsupported bodies once the softening point of the binder is reached. This
is particularly the case where the composition falls short of the maximum

(136)

volume fraction of ceramic powder Many investigators prefer to pack

the injection moulded part into a powder to support it against this kind of

(40'58). Once the softening point is reached rapid heating may

deformation
cause cavities to form in the melt. However, fluid properties are
subsequently lost as the effective volume fraction of ceramic increases
beyond that needed for fluid flow and cracking is thereafter possible. If
the shrinkage of the particle assembly as organic vehicle departs from
particle junctions, occurs at different times throughout the body then cracks

may occur which cannot be attributed to the evolution of gases. This has
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been a particular problem in the fabrication of ceramic wind‘ings“ss) and a
similar problem has been described by Quackenbush(40).

Much work continues to address these problems and much debate centres
around the origin of defects which appear after binder removal. Thomas(n”
has shown that under certain circumstances such defects can be traced back
to the solidification stage of injection moulding. Carefully designed
experiments are needed to isolate the causes of the many defects that beset

the ceramic injection moulding process.

9. CONCLUSIONS

Ceramic injection moulding is now recognized to be far more complicated
than was at first thought. It can no longer be regarded as a straight
technology transfer from the polymer industry. Neither is it likely to be
developed to perfection by ceramists alone and the polymer industry still has
a part to play. The design of polymer blends and perhaps novel copolymers
specifically for the transient application in ceramic fabrication is a
potentially rewarding area because of the high added value in fine technical
ceramic components, but it has been little exploited to date.

The activity of making artefacts has always been regarded as the poor
relation to scientific study. In ceramic fabrication by plastic forming
methods, the two are closely interwoven by necessity. This is evidenced by
the following observation: for the last fifty years the work-equivalent of
many human lifetimes has been devoted to ceramic injection moulding, yet
still we do not know the properties of organic binders, powders or machine
techniques which are needed for reliable mass production. Most work has
been, and much work continues to be, assessed by the production of a token
artefact with scant regard for the many complicated phenomena that take place
in its manufacture. History suggests that success emerges not merely from
the vagueries of chance but from the ordering of knowledge!
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Electrophoretic Deposition as a
Processing Route for Ceramics

S.N. Heavens

Chloride Silent Power Limited, Davy Road, Astmoor,
Runcorn, Cheshire WA7 1PZ, UK.

1. INTRODUCTION

The phenomenon of electrophoresis was discovered in 1807 by the Russian
physicist F.F. Reuss, who observed that when an electric current was passed
through a suspension of clay in water the clay particles migrated towards the
anode. It is interesting that, 170 years later, the first industrial
application of electrophoresis in ceramic forming should be based on the same
system - aqueous clay suspensions - as Reuss' original glass tube experiment.
During the intervening period (Table 1) electrophoresis has been studied and
applied in a wide variety of systems, especially as a technique for the
coating of metal components. Metals, oxides, phosphors, inorganic and
organic paints, rubber, dielectrics and glasses have been deposited by this
technique using both aqueous and non-aqueous media. Some have found large-
scale application in manufacturing, notably rubber products, and the
application of paint in the automotive industry. In the ceramic
manufacturing industry, however, the number of applications has until
recently been rather limited. Two cases will be described in detail: the
"Elephant” clay strip forming device manufactured by Handle GmbH & Co. KG,
and the production of beta"-alumina tubes for the sodium/sulphur battery
under development at Chloride Silent Power Ltd.
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1808
1879
1908
1927
1939

1948
1969
1971
1975

Reuss Discovery of electrophoresis (1)
von Helmholtz Theory of electrical double layer (2)
Cockerill Rubber separation form latex (3)
Sheppard Commercial production of rubber goods (4)
de Boer et al Use of organic suspensions

Ceramic oxide coatings (5)
Berkman Forming of porcelain crucibles (6)
Andrews et al Forming of alumina shapes (7)
Fally et al Forming of beta-alumina and zirconia (8)
Chronberg Clay strip forming production machine (9)

Table 1: Historical development of electrophoretic forming.

2. APPLICATIONS OF ELECTRODEPOSITION

Ceramic Forming

1.

2.
3.
4.

(6,10-17)
(9,18-22)

Porcelain cups and sanitaryware
Continuous forming of clay strip
Alumina radomes(7)

Beta/beta"-alumina electrolyte tubes(823-27)

Ceramic and Glass Coatings

LAl A

(5,28-33)
(34-40)

Heat-resistant oxide coatings for tube cathodes
Ceramic/metal coatings for wear/corrosion resistance
Carbide-coated cutting too1s(40)
Vitreous ename]]ing(41)

Electronic devices:

Thin-film dielectric coatings for capacitors(42)
Thick-film substrates for hybrid circuits(43)
(44-46)

Glass passivation of semiconductor surfaces

. Phosphor coatings:

Screens for cathode-ray tubes(47_49)

Thin-film solar ce11s(50)
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Other Applications
1. Rubber products from Tatex(%: 51)
2. Organic and oxide paints for sheet meta1(52-54)

3. Polymer coati ngs(55)

4. Dehydration of suspensions and enu'lsions(56)

3. FUNDAMENTALS OF ELECTRODEPOSITION

3.1 Definitions

The term "electrodeposition" is often used somewhat ambiguously to
refer to either electroplating or electrophoretic deposition, although it
more usually refers to the former. In Table 2 the distinction between the
two processes is indicated. There may, in any case, be a certain amount of
confusion between the two in cases in which the chemistry of the process is
unclear or does not fall neatly into either of the two categories. In
deposition from aqueous clay suspensions, for example, it has been argued(w)
that the rate-limiting process is charge transfer at the electrode and not
the mass transfer of particles. In electrophoretic deposition the particles
do not immediately lose their charge on being deposited, which can be shown
from the observation that reversal of the electric field will strip off the
deposited 1ayer(57).

Electroplating Electrophoretic deposition
Moving species ions solid particles
Charge transfer jon reduction none
on deposition
Required conductance high Tow
of liquid medium
Preferred 1liquid water organic
Deposition rate = 0.1 pm/minute = 1 mm/minute

Table 2: Characteristics of electrodeposition techniques.
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3.2 Origins of Charging

When phases come into contact, some redistribution of positive and
negative charge invariably occurs, leading to the formation of an electric
double layer and to a potential difference between the phases. Double layers
can be formed by one or more of the following mechanisms:

1. selective adsorption of ions onto the solid particle from the liquid
phase,

2. dissociation of ions from the solid phase into the liquid,
3. adsorption or orientation of dipolar molecules at the particle surface,

4, electron transfer between solid and liquid phases due to differences

in work function.

In the case of ceramic or glass particles in water or organic liquids, the
last mechanism is inapplicable but the first two invariably occur. The sign
of the net charge on the particle will depend not only on whether the ions
involved are positive or negative, but also on whether mechanism 1 or 2 is
dominant. Also, a positively-charged particle may even behave 1like a
negative one i.e. be attracted to a positive electrode, if an excess of
negative ions is attracted to the vicinity o(f t)he particle. An example of
23

’

this is beta-alumina 1in dichloromethane in which addition of

trichloracetic acid results 1in negative charging; similarly for
acetone/nitrocellulose suspensions(49), in which the sulfuric or phosphoric
acid necessary for charging results in anodic, not cathodic, deposition.
Consequently it is difficult to predict in an unknown system whether anodic,
cathodic, or no deposition will occur. In water most solid particles acquire
a negative charge but in organic liquids charging may be either positive or
negative. Once again beta-alumina serves as an example. When beta-alumina
particles are dispersed in an alcohol they acquire a net a positive charge
which is thought to result from the adsorption of protons from dissolved

water( 24) :

Na-8 + H,0 -> H*Na-B + OH™ 1

If the dispersion is milled, the charge is first neutralized and subsequently
reversed(sa). In this event the charging mechanism is thought to result from
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friction- or fracture-induced dissociation of sodium 1ons(24) or protons(se)
from the beta-alumina particles:
Na-8 -> B + Na* 2
Or:
Na-8 + H20 -> H-B + NaOH 3
H-B -> B~ + H' 4

Consequently the sign of the charge may depend on the amount of water in the
suspension medium and on the extent of milling. If, by chance, these effects
are equal, the charge is neutralized and no deposition will take place. For
this reason it is often preferable to control the charge state by suitable
additives.

In an aqueous clay suspension the particles generally acquire a negative
charge but this does not mean that the charging mechanism is unique.
Kaolinite acquires its charge by the adsorption of hydroxyl ions, while

muscovite mica is charged by the dissociation of potassium 'ions(sg).

3.3 Conditions for Electrophoresis

Electrophoresis is the phenomenon of motion of particles in a colloidal
solution or suspension in an electric field, and generally occurs when the
distance over which the double layer charge falls to zero is large compared
to the particle size. In this condition the particles will move relative to
the 1iquid phase when the field is applied. Colloidal particles, which are
1 um or less in diameter, tend to remain in suspension for long periods due
to Brownian motion. Particles larger than 1 um require continuous
hydrodynamic agitation to remain in suspension. An important property of the
suspension is its stability. Suspension stability is characterised by
settling rate and tendency to undergo or avoid f'loocu]ation(so). Stable
suspensions show no tendency to flocculate, and settle slowly, forming dense,
strongly adhering deposits at the bottom of the container. Flocculating
suspensions settle rapidly and form low density, weakly adhering deposits.

(57) electrophoretic deposition is analogous to

According to some theories
gravitational sedimentation; the charge on the particles is immaterial so far
as the properties of the deposit are concerned. The function of the electric

field is solely to drive the particles towards the electrode and to exert
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pressure on the deposited layer in the same way as a gravitational force.
The analogy can only be pursued qualitatively. Measured particle velocities
under electrophoresis are much lower than those calculated from Stokes'law.
Owing to interionic interaction between the 1liquid carried along with the
particle (Stern layer) and the surrounding liquid, the 1ions of opposite
charge in the double layer, moving in the opposite direction to the particle,
exert a retarding force. An additional retarding force is caused by the
continual break-up and re-forming of the double layer around the moving
particle.

If the suspension is too stable, the repulsive forces between the
particles will not be overcome by the electric field, and deposition will
not occur. According to some models for electrophoretic deposition the
suspension should be unstable in the vicinity of the e1ectrode(61). Local
instability could be caused by the formation of ijons from electrolysis or
discharge of the particles; these ions then cause flocculation close to the

electrode surface.

Optimum particle size for electrophoretic deposition is normally in
the range 1-20 um. For electrophoresis to occur with larger particles,
either a very strong surface charge must be obtained, or the double layer
region must increase in size. Consequently the ijonic concentration in the
liquid must remain low, a condition favored in liquids of Tow dielectric

constant. Powers(24)

investigated beta-alumina suspensions in numerous
organic media and determined the incidence of deposition as a function of
the dielectric constant of the liquid and the conductivity of the suspension.
A sharp increase in conductivity with dielectric constant was noted; this
observation apparently refers to the liquids in their pure state. It should
also be noted that impurities, in particular water, affect the conductivity,
and that the conductivity of a milled suspension is very different to that

(27), as a consequence of the dissociative or adsorptive

(24)

of the pure liquid
charging modes. Powers obtained deposits only with liquids for which the
dielectric constant was in the range 12-25. With too low a dielectric
constant, deposition fails because of insufficient dissociating power, whilst
with a high dielectric constant, the high jonic concentration in the liquid
reduces the size of the double layer region and consequently the

electrophoretic mobility.
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3.4 Electrophoretic Yield

The rate of deposition of material can be determined theoretically from

Hamaker's equation(za):

t
M= [ aACuE.dt 5
0

where M = mass deposited in time t

= particle concentration in the suspension (kg/m3)
= electric field (V/m)

electrode area (m2)

= electrophoretic mobility (m2/Vs)

8 T P MmO
"

= coefficient representing the fraction of particles near the
electrode that get deposited.

While A, C and E are externally controlled variables, p is determined
by the properties of the suspension. In simplified double-layer theory the
interface is treated as a capacitance and u is given by the Smoluchowski

equation:
H = ed,/4m 6
where € = dielectric constant of the liquid
n = viscosity of the liquid
¢, = electrokinetic (zeta) potential

The physical significance of the zeta potential is discussed in the following
section. The suspension could be characterised by particle charge density,
which can in principle be determined from the electrophoretic mobility, but
which requires certain assumptions regarding the particle size and shape
distribution and conductivity effects. The zeta potential is the most
commonly used parameter for characterising a suspension, and can be
determined from measurements of particle velocity or mobility in an applied
field using commercially available electrophoresis cells. In practice
electrophoretic mobilities are not easy to measure accurately, and since the
Smoluchowski equation is based on a model of doubtful validity, the view
sometimes expressed that "zeta potentials are difficult to measure and
impossible to interpret" has a ring of truth but is probably unduly
pessimistic. The Smoluchowski relation is valid provided that the double
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layer region is small relative to the particle radius(sz). for example with
large particles in aqueous suspension. For small particles in non-ionizing
solvents it is more appropriate to use the Huckel equation:

H = eb,/6mn 7

which 1is strictly valid for spherical particles only.

3.5 Zeta Potential

The zeta potential is identified with the value of the double-layer
potential at the outer edge of the Stern layer, which is the layer of fluid
that remains attached to the particle during relative motion of the particles
and 1iquid during electrophoresis (Figure 1). The region extending outwards
from the Stern layer is termed the diffuse region, in which electrostatic
forces are opposed by those of thermal agitation, and the potential decays
approximately exponentially. In Figure 1 ¢z represents the electrokinetic
(zeta) potential, and $pL the Nernst (double-layer) potential, which is the
potential at the surface of the particle relative to a remote point in the
Tiquid.

+ / shear
/ surface

Stern
layer

Figure 1: Model of charged spherical particles in a liquid indicating
potential distribution ¢(r).
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Numerous physical and chemical factors can influence the magnitude and
sign of the zeta potential. It may depend on the presence or absence of
added electrolytes, or on the concentration of the suspension itself. In
liquids that contain no surfactant 1ions the zeta potential falls with
increasing concentration. In the presence of surface-active or multivalent
ijons the sign of the zeta potential may be reversed. The topography of the
solid/liquid interface is also significant.

Choudhary et a1(63) investigated the variation of zeta potential of
aqueous oxide suspensions in which the pH was controlled by addition of
triethylamine, and found that zeta potential increased with pH up to a
certain value; this value was, however, not constant and probably dependent
on physical factors. Frey and Rack'|(64) investigated the electrophoretic
mobility of numerous clay suspensions and were unable to deduce any
significant influences related to pH, conductivity, viscosity or particle

size distribution.

From a fundamental point of view there are therefore a number of
difficulties. There s no satisfactory theory that accounts for all
observations on electrophoretic deposition. It is desirable to find suitable
physical/chemical parameters that characterise a suspension sufficiently in
order that its ability to deposit can be predicted. Most investigators use
zeta potential or electrophoretic mobility, but these do not uniquely
determine the ability of a suspension to deposit. For example, in
suspensions of aluminium in alcohol the addition of an electrolyte causes no
significant change to the zeta potential, but deposits can only be obtained

(65). The stability of the suspension is

in the presence of the electrolyte
evidently its most significant property, but this is a somewhat empirical

property not closely related to fundamental parameters.

3.6 Practical Considerations

In view of the sensitivity of the electrophoretic mobility to factors
such as chemical environment and particle surface topography, and the need
for suspensions of marginal stability, it might be thought that a process
based on electrophoretic deposition would be inherently difficult to control.
This situation is not helped by the shortcomings in fundamental understanding
of electrophoretic deposition, and it is almost impossible to predict whether
suspensions will deposit electrophoretically. A summary of known working
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systems is given in the following section. With any system it is of course
absolutely necessary to avoid contamination by any <impurity that can
adversely influence the electrokinetic properties of the suspension; a
stringent requirement, but one that should perhaps be regarded as a strength
rather than a weakness of the process.

Furthermore, 1in the concentrated suspensions that are generally used
in electrodeposition in order to minimise forming times, variations in
electrophoretic mobility from one particle to another tend to become averaged
out and there is no segregation as occurs in biological electrophoresis. It
is quite possible for particles of very different zeta potential to codeposit
uniformly. Thus there is Tittle or no segregation of particles of differing
chemical composition, density or particle size during
e]ectrodeposition(12'66). The probable reason is that the dense flux of
strongly charged particles will entrain the weakly charged ones.

A practical problem that is 1ikely to prove more relevant concerns the
degree of adherence of the deposit to the electrode. For ceramic coatings
a strong adherence is desired; for ceramic shapes, on the other hand, it is
essential that the shape can be easily removed from the mold or mandrel. In
the latter case, one still requires a suspension that deposits with good
adherence - but not too good. The degree of adherence is influenced by the
nature of the electrode surface, drying shrinkage, the presence of
electrolytes, binders and so forth and it is not possible to draw any general
conclusions, except that for ceramic shape forming the use of binders is not
usually favored; although they may improve the green strength of the
material, the problem of excessive adherence to the electrode is increased.

4. EXAMPLES OF WORKING SYSTEMS

4.1 Aqueous Suspensions

Electrophoretic deposition from an aqueous suspension has generally
involved clays, oxide ceramic powders, paint or polymers (Table 3). A1l are
characterised by anodic deposition, although it is possible to deposit paint
cathod'ica'l'ly(67).
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SOLID PHASE ADDITIVES REFERENCE
A1,04 polyacrylic acid, triethylamine 68
CdS ethanol, NH,0H 50
Cr203. Fe203, Ni0 polyacrylic acid, triethylamine 69
Cr203,Fe203,NiO,Ti02,Mn02 polyacrylic acid, methylamine 52
Ti02 polyacrylic acid, triethylamine 70
Kaolinite Na2003, NaOH, Na28i03. Na2P4O7 1
Kaolinite, mica, talc, Na,yP,04 59
pyrophillite

Kaolinite, feldspar, quartz Na2P407 64
Kaolinite, illite Na2003, NaZSi03 16
Porcelain water glass 13
Quartz none 7
Al, A1-Cr, A1-Si amine-stabilized acrylic resin 36
Latex none 72
Latex 1lipines, cholesterols, choleic 51

acid, ammonium sorbital borate,
diglycol stearate

Paint (styrene-acrylic) 2-amino-2-methyl-1-propano]l 54

Polymers (PVC, PTFE, nylon, not disclosed 55
polyacrylates, polyester)

Table 3: Electrophoretic deposition using aqueous suspensions.

The use of water-based suspensions causes a number of problems in
electrophoretic forming. Electrolysis of water occurs at low voltages, and
gas evolution at the electrodes is inevitable at field strengths high enough
to give reasonably short deposit times. This causes bubbles to be trapped
within the deposit unless special procedures are adopted, such as the use of
absorbing or porous electrode materials, or high speed chamber flows.
Current densities are high, leading to Joule heating of the suspension, and
electrochemical attack of the metallic electrodes leads to progressive
degradation and to contamination of the deposit. To avoid some of these
difficulties the use of isopressed graphite/clay or graphite/cement
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electrodes has been suggested. Unfortunately these molds are rather soft,

or require firing, with consequent loss of dimensional oontr‘o1(14'17).

4.2 Non-aqueous Suspensions

In the Appendix a survey is made of the literature on laboratory
electrophoretic deposition systems involving non-aqueous media, dincluding
ceramic, glass, metallic and mixed powders. The 1list is unlikely to be
exhaustive. Patents are not listed but can be found from the papers referred
to. Furthermore, there are numerous examples of suspensions that have been
described but which do not exhibit useful deposition characteristics; these
have not been included. No attempt has been made here to identify the role
of the additives, which may according to circumstances function as
dispersants, deflocculants, electrolytes or binders. Experimental parameters
such as =zeta potential are often not reported, but in some cases
electrophoretic mobility or coulombic yield have been measured or can be
estimated from the data. Fuller details will be found in the references.

Where materials are labelled with an asterisk, a large number of powders
were successfully deposited using the suspension medium described. Mizuguchi
et a1(49) included alumina; barium, strontium and calcium carbonates;
magnesia, zinc oxide, titanium dioxide, silica, indium oxide, lanthanum
boride, tungsten carbide, cadmium sulfide and several metals and phosphors.
The list of materials described by Gutierrez et a1(35)

metals; carbides of molybdenum, zirconium, tungsten, thorium, uranium,

included several

neptunium and plutonium; =zirconium hydride, tantalum oxide and uranium
dioxide. In addition, many metallic and oxide powder suspensions in

alcohols, acetone and dinitromethane were studied by Brown and Sa’lt(ss).

In general, organic liquids are superior to water as a suspension medium
for electrophoretic forming. While the generally lower dielectric constant
in organic liquids limits the charge on the particles as a result of the
lower dissociating power, much higher field strengths can be used since the
problems of electrolytic gas evolution, Joule heating and electrochemical
attack of the electrodes are greatly reduced or non-existent. Against this
must be set the disadvantages of the cost, toxicity and flammability of
organic liquids, and judicious selection of a suitable medium and the
practice of solvent reclamation will be needed in order to minimise these
problems.
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4.3 Design of Electrophoretic Apparatus

The design and construction of an electrophoretic deposition facility
is straightforward, an attraction of the process being its flexibility in
regard to green shape geometry. Flat plates, crucible shapes, tubes of
circular or rectangular cross-section of any size can be deposited by means
of appropriate design of the mandrel or forming electrode. The maximum wall
thickness will probably be limited by the electrical resistance of the
deposit, but deposits up to 10 mm in thickness have been ach'ieved(7'22).

Although the equipment requirements for electrophoretic deposition are
simple (Figure 2), a number of design features need to be taken into
consideration. The materials used in construction of the chamber must be
selected carefully to avoid neutralization of the charge on the suspended
particles. Being of marginal stability the suspension will require
continuous agitation to avoid gravitational settling if deposition times are
more than a few seconds. Agitation can be achieved by magnetic stirring or
by peristaltic pumping. The chamber geometry may need to be carefully
designed to ensure a uniform electric field between the electrodes. Chamber
design criteria have been described for obtaining an electric field

BN\

N DC
» | supply
Vv suspension

Figure 2: Apparatus for electrophoretic deposition.
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distribution that yields uniform wall thickness in cup-shaped deposits(15)
and in plates and disks(71). The thickness profile can be influenced not
only by the field distribution but also by the flow pattern of the suspension
in the chamber.

S. APPLICATIONS DEVELOPED TO PILOT PLANT SCALE

5.1 Continuous Clay Strip Forming

A machine based on the principle of electrophoretic deposition has been
devised for fabricating thin continuous strips of clay, suitable for cutting
into tiles or plates of arbitrary shape or size. The device, marketed under
the trade name "Elephant", is shown schematically in Figure 3. Two adjacent
contrarotating zinc-coated cylinders serve as the anode. Between the
cylinders is located a fixed cathode in the shape of a wedge, so that the
interelectrode spacing is 12 mm. An aqueous slip of 50% solids content is
pumped into the space between the electrodes, and the negatively-charged clay
particles deposit on both rotating cylinders. The two deposits thicken and
join to form a single strip which is guided away by means of a conveyor belt.
This strip contains 10-18% by weight of water and is in a plastic state that
can be machined prior to drying and firing. Excess slip flows towards the
upper rim of the wedge and is returned to the mixer for recycling.

The width of the strip is determined by the dimensions of the cylinders,
and thickness of the strip is a function of the speed of rotation (typically
5 revolutions per hour). Strips of thickness ranging from 2 to 20 mm can be
produced. The purpose of forming the strip from two deposits is to avoid the
warping of the tiles during drying and firing that occurs in a single deposit
as a result of varying water content through the deposit thickness. By
joining two deposits the internal stresses during drying are balanced out.
The join between the two deposits after firing is invisible under the

scanning electron m'icroscope(zz).

Bubbles in the deposit from hydrogen evolution due to electrolysis are
avoided by ensuring that the slip is pumped rapidly. Excess slip not
deposited is recycled and mixed with incoming fresh slip. Oxygen is absorbed
by the zinc anodes, the zinc oxide being removed continuously by brushing.
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slip
outlet

conveyor

Figure 3: Schematic diagram of 'Elephant' clay strip production machine.

The anodes need to be periodically recoated with zinc, approximately once per
year, which consumes 0.5 kg of zinc per tonne of clay strip processed.

A variety of clay minerals can be deposited with the equipment, the
most su'itab'le(21'22) being illite-type materials or kaolinite with a Tlow
fines content. Quartz, feldspar and fireclay have also been successfully

deposited.

At the time of writing, two pilot scale machines and two production
machines have been in operation. The production machines contain cylinders
of diameter 1.5 m and width 700 mm, with an output of some 250 kg/h drawn

2 per day. These machines have been used for

strip, or approximately 500 m
the production of thin ceramic tiles. The processing time from slip to
fabricated tile amounts to 2-3 h, and the complete installation requires no
more than two persons for operation. Energy consumption is around 30

kWh/tonne in wet processing and 45 kWh/tonne in drying and firing.

In the absence of a comparative study with conventional extrusion
processes it is difficult to assess the potential of the Elephant process.



270 Advanced Ceramic Processing and Technology

No measurements of the strength of the fired material have been reported.
The principal advantages claimed for the Elephant process are its great
flexibility with low capital investment costs, and low energy consumption
and maintenance costs. When the Elephant machine became available
commercially in 1980 its cost was approximately US$120,000, a complete tile
fabrication system including slip preparation plant, drying and tunnel kiln
costing around US$800,000(22). The system allows the fabrication of special
products at short notice, and a wide range of ceramic plate dimensions is
possible, from mosaic tiles to sheets of unlimited length. So far the
ceramic tile industry has been slow to realise the possibilities afforded by
this machine.

5.2 Beta"-alumina Tube

The sodium/sulphur high energy density battery, which is expected to
become available commercially during the 1990's, uses beta"-alumina as its
solid electrolyte. From the early days of its development the need became
apparent for a means of fabricating closed-end thin-walled tubes to exacting
standards. If such tubes are manufactured by, for example, qisostatic
pressing, flaws are easily generated during filling of the mold and the
quality of the closed-end region is often inferior, because it is difficult
to produce beta"-alumina powders that possess good flow properties and crush
readily under .pressure, even when spray-dried. The electrophoretic
deposition process lends itself naturally to the formation of uniformly thin-
walled tubes with flat or dome-shaped ends. Electrodeposited beta"-alumina
has good sinterability, and isostatic pressing of the green shape is not
necessary. Some deve'loper‘s(e) have nonetheless preferred to isopress the

green shapes.

Powers(24) used commercial beta aluminas, Monofrax H fused brick and
Alcoa XB-2 powder, as raw materials. These materials can be synthesized,
with the addition of dopants for stabilizing the more conductive beta"-
alumina phase if desired, from the calcination of commercial aluminum salts
or oxides with sodium carbonate or similar material. Beta-alumina and beta"-
alumina (magnesia- and/or lithia-stabilized) have both been satisfactorily
deposited.

During development of the process at General Electric the liquid used
was pentan-1-o1 (primary amyl alcohol), mainly because of its dielectric
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properties but also in view of its relatively non-flammable and non-toxic
nature and commercial availability. Potential differences of up to 500 volts
could be used without undesirable electrochemical reactions occurring.

Powers(24) charged beta-alumina suspensions by milling; both ball
milling and vibratory milling could be used, while jet milling of the powder
prior to dispersion in the liquid was found to be unsatisfactory. Grinding
media of alumina or zirconia can be used, with zirconia being preferred as
its wear rate is much lower than that of alumina. Binders were found to be
undesirable since, although they could be used to improve green shape
strength, they caused the deposit to adhere to the mandrel. The mandrels
should be very slightly tapered to facilitate removal but no special surface
finish or polish is required.

Electrophoretic deposition is most conveniently carried out by making
the chamber wall the counter-electrode. The deposition process itself takes
typically three minutes with an electric field of 7 x ’IO4 V/m. Immediately
following deposition the shape is placed in a low humidity drying oven to
evaporate the liquid. With conventional drying techniques a few hours’'
drying is necessary before the shape can be removed from the mandrel.

Other complications from the point of view of large-scale production
are (i) the need to pre-convert raw materials into B/B"-alumina powder prior
to preparation of the suspension, and (ii) the need to used a non-aqueous
medium. Nevertheless, provided that costs can be maintained sufficiently low
and that processing yields are high, there are substantial compensating
advantages: pre-conversion of the powder, followed by the extended milling
process, ensures that the green shape will be chemically and physically
homogeneous, and the processing defects commonly encountered in mechanically
pressed beta-alumina shapes - typically voids, dinclusions and microcracks -
are completely absent in electrodeposited material. Such processing defects
are very damaging to the durability of the beta-alumina electrolyte in
sodium/sulphur cell operating conditions. With electrodeposited beta-alumina
the mechanical strength is governed not by processing flaws but by the
microstructural control obtained during firing, and the absence of processing
flaws results in a relatively high Weibull modulus in both mechanical
strength and cell life characteristics.

Another characteristic of electrodeposited green shapes is their low
green density, with close to 50% volume porosity, leading to the unusually
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high linear shrinkage of 20% on firing. In conventional philosophy this
high shrinkage is a disadvantage, however for shapes that are not excessively
large - electrolyte tubes are typically 33 mm in diameter, with a wall
thickness of 1.5 mm - problems of distortion and cracking on firing do not
appear to be severe.

Through appropriate design of the deposition mandrel and chamber, and
control of the voltage/current and time of deposition, it is possible to
exercise control of the green shape thickness to within 2% without recourse
to electrical probes(77) or to the use of load cells to monitor deposit
weight.

An example of the microstructure of electrodeposited beta"-alumina is
shown in Figure 4. Fired densities are in excess of 99% of the theoretical
X-ray crystallographic density, with a mean pore size of 2-3 ym. The matrix
grain size is also 2-3 um, with a small number of large grains up to around
50 ym. The mean strength of the material, as measured by C-ring diametral
compression testing{’8), is 250 MPa with a Weibull modulus of 11; this
compares favorably with that of isostatically pressed material.

Figure 4: Microstructure of electrodeposited beta" alumina.
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Enhancement of the mechanical properties of beta"-alumina, without
adversely affecting the electrical characteristics, can be obtained by
introducing zirconia as a second phase in order to effect transformation
toughening’9).  The milling operation integral to the electrophoretic
deposition process ensures a well-dispersed zirconia phase in beta"-
alumina/zirconia composites, and substantial increases in both strength and
fracture toughness have been obtained, to around 350 MPa and 4 MPam
respectively, with a Weibull modulus of 16. These results are obtained at
levels of zirconia addition limited to around 5-6% by volume, which is low
enough to avoid significant increase in the ionic resistivity of the ceramic.
Much of the strength increase is due not so much to transformation toughening
as to improved grain size control. Figure 5 shows an optical micrograph of
a toughened beta"-alumina ceramic formed by electrophoretic deposition, and
Figure 6 shows a scanning electron micrograph which gives an impression of
pore size and zirconia distribution. These ceramics have shown impressive
performance and durability in sodium/sulfur cell operation.

In a recent study of zirconia-toughened alumina processed by two
different m.xtes(m). a considerable difference in fracture toughness
behavior was observed according to whether a mechanical or a wet chemical

Figure 5: Microstructure of electrodeposited beta" alumina/zirconia
composite.
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Figure 6: Scanning electron micrograph of electrodeposited beta"
alumina/zirconia composite. The white particles are zirconia.

dispersion technique was used. In the first route the material was attrition
milled, spray-dried and hot pressed; in the second it was slip cast and
sintered conventionally. Because different levels of zirconia addition and
different degrees of stabilization were involved, it is difficult to draw a
direct comparison between the two processes from the Timited data. For the
same reason, little attempt has been made here to draw comparisons of
electrodeposited beta"-alumina and beta"-alumina/zirconia with the same
materials processed by different routes. Some data on the latter are
available and can be found in the literature(78:79:81-92)

6. CONCLUSION

Although electrophoresis has been known for nearly two centuries, and
is widely used in industrial coating applications, its use as a ceramic
forming technique has been attempted only during the last 40 years in the
USSR and during the last 20 years in the West. A traditional ceramist might
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be deterred from electrophoretic forming by such features as the complex
physics and chemistry of the charging process, and the high firing shrinkage.
But there are a number of advantages to be considered:

1. High coulombic yield is obtained, and typical forming times are in the
range 1-5 minutes.

2. There 1is considerable flexibility in regard to shape forming, and
electrodeposition is particularly appropriate for closed-end tubes and
crucibles, and continuous strip forming.

3. Electrophoretic forming is not sensitive to suspension rheology, and
precise control of deposit thickness can be achieved.

4. Although electrodeposited shapes have a green density that is lower than
usual, the porosity is finely distributed and excellent sinterability is
obtained. Fired shapes exhibit good microstructural homogeneity, and
the processing flaws often difficult to avoid in slip-cast or isopressed
shapes are absent in electro-deposited material. Gas bubble formation is
one of the main processing flaws in electrophoretic forming but can be
avoided by good system design.
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APPENDIX

Electrophoretic deposition using non-aqueous suspensions
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1. INTRODUCTION

It has been well accepted that the seventies was the decade which
highlighted the problems associated with diminishing fossil fuels and the
need to look carefully at alternative sources of energy for carrying out
many processes in industry. The volatile nature of oil fuel costs coupled
with gas unavailability in some regions has compelled many industrialists to
consider novel electrical methods for supplying their process heat needs.
Microwave heating is just one such area where considerable progress has been
made in the last decade, culminating in numerous installations throughout

many manufacturing and processing industries.

The acceptance of microwave heating as an established technique has
not come about without considerable problems. In the early sixties such
techniques were pushed forward into industry too fast without adequate
research and development back-up, resulting in numerous costly mistakes and
loss of confidence. The major problem has been the user-supplier
relationship in that each was largely unaware of the details and limitations
of the equipment and process, respectively, under consideration. Nowadays,
however, more time is spent clearly defining the requirement, the specific
design and capability of the equipment and making cost comparisons with
alternative equipment, before any firm commitments are made. It is
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imperative that expert dindependent advice is sought, particularly in the
early stages during preliminary feasibility tests, 1in order to avoid
misinterpretation of available data.

To date, the application of microwave energy to the processing of
ceramic materials has been uncoordinated and slow. There are many reasons
for this, not least being the fast development and diverse nature of
materials which come under the heading of ceramics. Many of these new
ceramics and composites have potentially exciting properties but can be
difficult to process by conventional means. Recently, this has led to
considerably more attention being focused on the processing possibilities
associated with the use of microwaves. This chapter summarises the theory
and practice of microwave heating as applied to the processing of ceramic

materials.

2. FUNDAMENTALS OF MICROWAVE HEATING

2.1 Dielectric Loss Mechanisms

It has long been established that a dielectric material, such as many
types of ceramics, can be heated with energy in the form of high frequency
electromagnetic waves. The frequency range used for microwave heating lies
between 400 MHz and 40 GHz, however the allowed frequencies are restricted
to distinct bands which have been allocated for Industrial, Scientific and
Medical (ISM) use, as shown in Table 1. The principal frequencies are
centred at 433 MHz, 915 MHz (896 MHz in the UK) and 2450 MHz since specific
industrial equipment can be readily purchased.

In the microwave frequency range there are primarily two physical
mechanisms through which energy can be transferred to a ceramic material.
Firstly there is the flow of conductive currents, resulting in an ohmic type
of loss mechanism where the ceramic conductivity, o, plays a prominent role.
Secondly, the existence of permanent dipoles in the ceramic can give rise to
a loss mechanism referred to as re-orientation or dipolar loss.
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Frequency Frequency Area permitted
MHz tolerance
S
433,92 0.2% Austria, Netherlands, Portugal, Switzerland,
West Germany, Yugoslavia.
896 10 MHz Great Britain.
915 13 MHz North and South America.
2375 50 MHz Albania, Bulgaria, Czechoslovakia, Hungary,
Rumania, USSR.
2450 50 MHz Worldwide except where 2375 MHz is used.
3390 0.6% Netherlands.
5800 75 MHz HWorldwide.
6780 0.6% Netherlands.
24150 125 MHz Worldwide.
40680 Great Britain.

Table 1: Frequency allocation for industrial, scientific and medical purposes
in the range 400 MHz to 40 GHz.

It is well established that at radio frequencies (1-100 MHz) the
dominant mechanism is due to conductive currents flowing within the
materials, this in turn is due to the movement of ionic constituents. This
mechanism is enhanced by the presence of impurity contents such as salts,
etc. Since this chapter deals only with microwave heating, the conductive
loss mechanism only substantially affects the overall loss at the lower end
of the frequency range considered in Table 1, where both dipolar relaxation
and conductivity loss mechanisms could be equally dominant.

In the range 1 to 10 GHz energy absorption is primarily due to the
existence of permanent dipole molecules which tend to reorientate under the
influence of a microwave electric field £, as shown in Figure 1. The origin
of this heating effect lies in the inability of the polarisation to follow
extremely rapid reversals of the electric field. At such high frequencies
the resulting polarisation phasor P (basically a collection of charges) lags
the applied electric field ensuring that the resulting current density has
a component which is in phase with the electric field as shown in Figure 2
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Figure 1: Dipolar reorientation
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Figure 2: Phasor diagram between external electric field, polarisation and
current phasors.



Microwave Processing of Ceramics 289

and therefore power is dissipated in the ceramic material.

The dipolar or re-orientation loss mechanism was originally examined in
M who deduced the well known relation for the
complex relative dielectric constant:

% ) € - €, j(es-e.)
€=e'-ae"=€~+[ 22]_[ 2.2 1

1 +wre

dipolar electrolytes by Debye

where € and €, are the relative dielectric constants at d.c. and very high
frequencies respectively and t is the relaxation time of the system. This
latter controls the build-up and decay of the polarisation as the external
field is applied and removed respectively. The absolute dielectric constant
is given by € = eoe*. By separating the real and imaginary parts of equation
1 the parameters €' and €" can be obtained. They are shown plotted as a

function of wt in Figure 3.

A simple interpretation of the Debye plots is as follows. At very low
frequencies the dipoles have ample time to follow the variations of the

€s

Figure 3: Debye relaxation.
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applied electric field and the dielectric constant is at its maximum value
€g- We can say that the bound charge density attains its maximum value and
the energy from the external source is stored in the material. As the
frequency increases the dipoles are unable to fully restore their original
positions during field reversals and as a consequence the dipolar
polarisation lags the applied field. As the frequency increases further, the
re-orientation polarisation fails to follow the applied field and contributes
less and less to the total polarisation. The fall of the effective
polarisation manifests itself as a fall of the dielectric constant €' and a
rise of the loss factor €". Power is now drawn from the external source and

dissipated as heat in the ceramic material.

This theory does not apply very well to dipolar solids because Debye's
interpretation of the above relaxation was given in terms of dipolar rotation
against frictional forces in the material. It is difficult to imagine,
particularly in solid dielectrics, the dipoles as spheres in a medium where
viscosity is the dominant mechanism. Moreover, when many atoms and molecules
are bonded together to form a dielectric, the dipoles will be influenced by
the forces of all the neighbouring particles and these must be taken into
account in the theory. Thus the concept of an activation energy Ua (ie, the
energy required to dislodge a dipole from its equipropable position) must be
introduced. What is needed is a 1ink between the activation energy and
relaxation time constant. Such a link is found in the double well theory
which deals with the transitions of dipoles between two equipropable
positions separated by a potential energy, as depicted in Figure 4. The
external field distorts the potential energy from its original symmetrical
form. The theory considers the number of dipoles decaying from state 1 to
state 2, it calculates the resulting polarisation and hence the total current
density which, in turn, gives the two terms €' and €". These are shown to
obey a Debye type relaxation with a time constant given by:

wo| 2] [efv2]

= y . 2
[ € + 2

where 1/v is the time for a single collision in the potential well.

Equation 2 introduces a very important relation between the activation
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Potential energy

Interatomic distance

Figure 4: Potential energy diagram for two positions of a permanent dipole.

energy and t since it is now possible to extend the simple Debye theory and
bring it closer to what is observed in practice in many real dielectrics.
This is because in many solid dielectrics dipoles can exhibit more than one
activation energy, corresponding to transitions from different wells and
giving rise to multiple relaxation times. The concept of a spread of
relaxation times can now be easily envisaged in an inhomogeneous solid
dielectric, where hindered dipole redistribution results in multirelaxational
spectra as shown qualitatively in Figure 5. In general, in solids the
molecular dipoles have more than two equipropable positions so that €"(w) is
much flatter and broader than is predicted from the simple Debye theory.

A third relaxation type mechanism, which once again has its strongest
influence in the radio frequency range, is a loss due to space charges in
interfaces between different dielectric materials, referred to as Maxwell-
Wagner loss. It may be assumed that at the low frequencies where these
losses are important, the conductivity loss mechanism referred to above will
be the dominant one for ceramic materials and therefore losses due to
Maxwell-Wagner polarisation will not be considered any further.

There are two other principal polarisation mechanisms, namely electronic
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Ideal Debye
relaxation

Practical
dielectric

Figure 5: Multirelaxational Debye relaxation.
and atomic, which are induced by the action of the electric field. Their

influence occurs at optical and infrared frequencies and as such will also
not be considered further.

2.2 Total Current Density

The total current density flow in a dielectric material is given by

B dE
—|.d1 =] 3.9+ — |.ds 3
M s sl dt

where J. is the current density due to conduction (ohmic) effects,

B 1is the magnetic flux density, and

Maxwell's equation:

u is the permeability of the medium.

The conduction current density is given by of, where o is the conductivity

of the ceramic material.
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For periodic waveforms, such as usually used for high frequency heating,
equation 3 attains the following form:

x_I-j=Qc+jwe§ 4

where H is the magnetic field.

*
Substituting for € = €,€ using equation 1 in equation 4 we obtain:

- 2 ] " - " z 1
x H=o0F + Jue e E + we € £ = weoeeg + Jue € E 5
where eg is the effective loss factor comprising dipolar as well as
conductivity losses and is given by:

wo_ _n
e =¢€"+ (c/weo) 6
Note that the total losses can quite easily be expressed in terms of an
effective conductivity, % defined as:

1"

"
= we =we e" +0 6a
% ofe o

where the first term relates the dipolar loss factor to an equivalent
conductivity weoe". whilst the second term is due to the ionic effects.

2.3 Equivalent circuit presentation

It has just been shown that the total current flow in a medium under the
influence of a high frequency electric field is given by a conductive current
and a displacement current, the latter being strongly influenced by the
dielectric constant and comprising a real and imaginary component as shown
in Figure 6. The ratio of the effective loss factor to the relative
dielectric constant is given by:

tan 6 = €'/€e' 7
e e

and is termed the effective loss tangent. The relation between tan &, and
the dipolar loss tangent, tan &, is given by:
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JC=O'E

!
|
!
I
I
-l

WE,E'E E

Figure 6: Current density phasors.

tan & = tan 6 + o/we €' 8
e °

An equivalent circuit representation for a lossy dielectric is that
depicted in Figure 7. The capacitance of a pure dielectric is denoted by C

and Ry accounts for relaxational losses, i.e. the term we_e" and R. accounts

()
for any additional losses due to dielectric conductivity effects. By

applying a sinusoidal voltage V = yeJWt across the circuit we obtain:

&y VvV Vv

I=C—+ 2+~ 9

dt Rd Rc

The relaxational losses represented by Rd can be written as:

(1/we°e").1
B A

Rd 10

while the conductivity losses represented by Rc can be approximated to:
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Figure 7: Equivalent circuit of a lossy ceramic.

Rc = 1/cA "

where 1 and A are the equivalent length and cross sectional area of the

ceramic.

Substituting for Rd and Rc using the above expressions in equation 9,
we obtain, with dV/dt = jwV :

yweoe"A VAo
I=gucy + —2—+ — 12
1 1

However, since the capacitance C of the equivalent pure ceramic is given by:
1]
€€ A

€= 13

1

Substitution in eqn 12 gives the total current density J, with E = (¥/1):

J = we €"E + jwe €'E = jwe KE
° o ()
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which is an expression identical to equation 5. The parameter K is given by:

Ke———T"=¢'-jel =¢' - —2 14

For a ceramic with no conductive loss, o = 0 and Rc + «» which leaves Rd
in parallel with C as the equivalent medium circuit presentation. For
example, for barium titanate the complex dielectric constant at 1 GHz is
given by e = 950 - j0.15 (see Figure 8a and b). Assuming that the losses
are solely due to dipolar relaxation, we can represent such a ceramic of 1

2 in cross sectional area by a parallel R/C circuit

mm in thickness and 0.01 m
of parameters given by equations 10 and 13 respectively. Substitution in
these equations of 1 =1 mm, e, = 8.8 me'1, €' =950, €" =0.15and f = 1

GHz yields Ry = 12.06 Q and C = 0.084 F.

Similar equivalent circuits can be found for any ceramic from knowledge
of the dielectric properties, these being discussed in the following section.
Other approximations such as, for example, a dominant conductive loss
mechanism and a negligible dipolar loss process, ie €" » 0, can be readily
considered through the general circuit of Figure 7.

Although 1in this section we have attempted to separate the eg into its
constituent €" or c/weo components, the experimental data presented in the
following section do not at first sight distinguish the various component
losses and thus the generic terms eg
the experimental data is needed to be able to differentiate between dipolar

and conductivity losses.

or tan &, are used. Closer scrutiny of

3. DIELECTRIC PROPERTIES

3.1 General data

Proper design of microwave industrial systems requires a knowledge of
the dielectric properties of the ceramics to be processed. As was stated
above, the property which describes the behaviour of the dielectric under the
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influence of an electromagnetic field is the effective loss factor eg. Both
€' and e; are frequency, temperature, density and electric field direction
dependent and a considerable amount of data have been amassed on such

variations.

Von Hippe'|(2) compiled the first tabulation of measurements for numerous
materials over a wide range of frequencies (10 Hz - 10 GHz). The materials
characterised were both organic and inorganic in nature; both 1liquid and
solid. Although the bulk of the results were obtained at room temperature,
some higher temperature measurements up to a few hundred degrees centigrade,
were also performed. Subsequently, dielectric data on high temperature solid
materials, including oxides, nitrides, silicates, rocks and minerals were
obtained by Inglesias and Nestpha'|(3). Couderc et a'|(4) have also described
a dynamic method for measuring the dielectric properties of various ceramics.

Since then a series of 4 reports have been produced at the same MIT
Laboratory for Insulation Research where Von Hippel obtained his resu'lts(s).
These reports contain much valuable +information on the frequency and
temperature dependence of the dielectric properties of a large number of
ceramic materials (both oxide and some non-oxide), together with various
minerals, many organic compounds and some foodstuffs. The frequency range
was increased for some materials up to 25 GHz and the temperature increased
into the 500-1000°C region.

More recently still the Rockwell International Science Center has
commenced characterisation programmes intended to provide dielectric data on
materials at millimetre-wave frequencies, ie above 30 GHz(G). It is also
intended that high temperature (>1000°C) property measurements will be more
systematic in nature than previous studies. Georgia Tech Research Institute

appears to be independently pursuing a similar approach(7).

Table 2 shows the dielectric properties of a range of ceramic materials
under various conditions and near the two frequencies for which industrial
equipment can be readily purchased. It is evident that the effective losses
of various ceramics depend upon the material density and the temperature,
frequency and field orientation, giving a range of effective loss factors
from above 70 for silicon carbide to 3 x 1074 for boron nitride. This latter
ceramic can be considered as transparent to microwave energy and may be used
as an insulating material in microwave industrial equipment or as a microwave
window in waveguides. In fact, any material with an effective loss factor



Material q T p E-field direction frequency frequency
10% Kz 3x109 Hz
gcrn'3 °C ohmem €' €q e' €
Silicon carbide 25 35 107 73.4 60 34.8
BeO + SiC H 23-75 2.3-30 20-60 3-27
Zinc oxide 25 100 1 17 17 8.5 10
Alumina (A1-500) 3.665 25 9 0.056 9 0.063
Alumina (A1-18) 3.676 25 9.1 0.0025
3.675 500 3.7 0.02
Zirconia 25 3 0.04
Boron nitride 25 1 3.5 3x10'g
25 || 4.9 110"
Steatite 25 6.9 3.5x1074 6.9 3.5x107%
Magnesia 500 7.1 1x103 7.08 7.5x107%

Table 2: Dielectric properties of a

q: density T: temperature

p: resistivity

range of ceramics.
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below about 0.01 is considered as a low loss material and would normally not
be considered for microwave processing without careful examination of the
merits of such treatment. This is primarily because at such low loss factors
very high electric fields need to be set up in the ceramic in order to
dissipate a reasonable amount of power within it (see equation 25).

The data shown in Table 2 have been extracted from experimental results
of ¢' and e; as a function of the frequency with typical variations shown in
Figures 8 and 9 for various ceramics. In Figure 8 pronounced dipolar
relaxations occur for +the titanate ceramics such as barium or
barium/strontium titanate in the frequency range 10 MHz - 100 GHz. The
effective loss factors of these two ceramics at 2.45 GHz are 0.2 and 0.3
respectively indicating that both these materials will readily absorb
microwave radiation at this industrial allocated frequency. Lime alumina
silicate, steatite and calcium titanate on the other hand have loss factors
below 0.02 and as such are not obvious candidates for microwave heating.
Figure 10 shows the material properties of a family of ferrites, some types
can have extremely high loss factors.
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N 1500°C
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Figure 9: Dielectric properties of pyrolytic boron nitride. (After ref 3).
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Figure 10: Properties of some ferrites in the microwave regime. (After ref
3).

3.2 Temperature effects

The importance of temperature in the microwave treatment of ceramics
cannot be over emphasized. Figure 9, for example, highlights this for
pyrolytic boron nitride where at 100 MHz the loss factor increases by an
order of magnitude as the temperature changes from 800°C to 1200°C. Figure
11, however, shows that for hot pressed boron nitride near 5 GHz the loss
factor increases only by a factor of 2.

In general, the effective loss factor of many ceramics increases with
temperature, with the rate of increase depending upon the type of ceramic and
the operating frequency. The data displayed in Figure 12, measured at 10 GHz,
show that in the range 20 - 100°C the increases in tan 5e for each ceramic
are modest although at much higher temperatures the increases may be much
faster. Such a trend in tan & is indicated in Figure 13 for hot pressed
aluminium nitride at temperatures above 500°C and at 8.5 GHz. Note, however,
the sharp increase in tan 6e at the radio frequency of 10 MHz. Two different

aluminas, shown in Figures 14 and 15 respectively, show similar trends in
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Figure 13: The dielectric constant and the effective tan &, for hot pressed
aluminium nitride as a function of the temperature. (After ref 3).
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Figure 15: The dielectric constant and the tan & for alumina as a function
of temperature. (After ref 3).

the way in which the tan 5e increases with temperature beyond a certain
critical temperature, Tc' A change in tan Se of about an order of magnitude

between 800°C and 900°C can be observed in Figure 15.

The effective losses in fused silica remain substantially constant as
shown in Figure 16. Fused silica is in fact used in microwave applicator
equipment as a support material on account of its extremely low microwave
absorbtion properties. McMillan and Partridge(e) have also measured the
properties of a family of glass ceramics at 9.37 GHz and shown that the tan
6's were below 50.10~% for temperatures up to 400°C. Small additions of Ca0
in the glass ceramics, however, affected the measured €' and tan & values.

3.3 Thermal runaway

Of great importance to dielectric heating applications is the 'runaway
effect' or the uncontrolled rise in temperature in a material brought about
as a result of a positive slope, de;/dT, of the e; vs T response. A typical
example is the case of hot pressed boron nitride; its dielectric properties



tand.

Figure 16: Dielectric properties of fused silica (Corning 7540).
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are shown in Figure 17. After an initial absorbtion of the microwave energy,
the temperature rise causes the tan 6e to increase which, in turn, results
in a further temperature increase and so on. Damage to the material is
highly probable unless steps are taken to avoid such a cumulative effect.

It is often required to express mathematically the effective loss factor
or tan Se in terms of the temperature. In specific temperature ranges such
an expression can take the form of a straight line:

e" =alT +b 15

or a parabola:
e; =cx T2 16

where a, b and c are constants. Alternatively, a good fit of the
experimental data can often be afforded by the empirical formula:

2
tan 6 = tan 5+ AT 17
e o B-T

where the constants tan 60, A and B are chosen to best fit the data. For
example, by fitting equation 17 to the data shown in Figure 17, the following

empirical relation is found to hold for boron nitride, grade HD 0056, in the
temperature regime 400°C - 900°C:

8.2
-4, . (49x10787
tan 6e = (2x10 7)) + 965-T 17a

where T is in °C.

3.4 Purity and microstructure

Ho(e) has measured the dielectric properties of a wide variety of
silicon nitride ceramics (CVD, sintered, hot pressed, differing composition
and sintering aids) and of polycrystalline alumina versus single crystal
sapphire. His results have shown that the temperature dependence of the
dielectric constant is intrinsic to the crystalline lattice properties of the
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material whilst other parameters, such as impurities (of a few percent) and

microstructure, are of secondary importance.

In contrast, the dielectric losses in ceramics are directly related to
microstructural and grain boundary properties. Thus polycrystalline
materials, such as alumina, can have an order of magnitude higher loss than
their single crystal counterparts. It is this extrinsic nature of the
absorbtion mechanism which Ho believes accounts, at least in part, for the
rapid rise in loss tangent of polycrystalline ceramics. Further, the
mechanism giving rise to the observed loss at low and moderate temperatures
appeared to be quite different from that at higher temperatures.

Several researchers have dindicated that the degree of microwave
absorption by a material does not correlate with the bulk purity of the
sample or with the presence and extent of secondary crystalline phases. Ho
suggests that absorption appears to be associated with impurities
incorporated into the primary microcrystalline grains and grain boundaries,
with fine-grained materials (which have greater surface area) proving to be

more susceptible to impurity content.

Based on their observations Ho and Harker(g) constructed a theory
attributing the low and intermediate temperature loss mechanism to localised
doping of the primary and secondary crystalline phases to create isolated
microscopic regions of finite electrical conductivity localised within the
grains and along idindividual grain Jjunctions and grain boundaries. A
distribution of electrical conductivity values was shown to explain the
observed frequency dependence between sapphire and alumina.

The high temperature mechanism, which gives rise to the rapid increase
in loss tangent, has been attributed to increasing electrical conductivity
as the softening temperatures of residual glassy phases are approached(s).
Experimental resu1ts(10) have shown good agreement with these theories using

alumina doped with low concentrations of titania and soda.

Recent work by Varadan and Varadan(11) on microwave interactions with
polymeric and organic materials has shown that helical shaped inclusions,
provided that they are all one-handed, show significantly superior absorbtion
characteristics compared with similar, spherical inclusions. This has
interesting implications for work in ceramic composite systems.
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3.5 Wet Ceramics

Concerted emphasis has been given to the variation of the dielectric
properties with moisture content; the ensuing data being used for the
effective optimisation of applicator designs intended for industrial drying
applications. Typical variations of e; with moisture content (on dry basis)
and electric field orientation established within the material is given in
Figure 18.

The addition of water to many materials enhances the dielectric
properties of the mixture because water in its natural state is a highly
polar substance with large numbers of permanent dipoles in its structure.
When the water is bound to another material the combined properties of the
mixture are radically different to those of free water, as shown in Figure
19.

Considering the qualitative representation of the loss factor versus
moisture content shown in Figure 18, we can deduce the following: the slope
of the eg versus M curve is critical to industrial applications where

Ell

n

M (%)

Figure 18: Qualitative representation of e"e versus moisture content and
electric field orientation. (After ref 14 by permission of Peter Perigrinus,
Ltd).
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Figure 19: Temperature dependence of the dielectric losses of free and
absorbed water at microwave frequencies. (After ref 15).

moisture levelling of a material in planar form is the prime requirement.
This is because moisture levelling is very effective for moisture contents
above a critical value, Mc'
of the planar material absorb more power than the dryer parts and thus tends
to level off the initial uneven moisture distribution. Conversely, moisture

since the higher e ensures that the wetter parts

levelling for moisture contents below the critical value is much less
pronounced $ince the e; is practically independent of the moisture content
and consequently different parts of the material absorb virtually the same
amount of energy from the high frequency source irrespective of their degree
of wetness. In Figure 18, the curve with electric field parallel to the
plane of the paper, E||, is far more effective for moisture levelling than
the curve with the field perpendicular, E|.

The dielectric properties of bricks at 3 GHz are shown in Figure 20
where the loss factor is about 2 for 30%Z water content. Such a loss is
significant in terms of microwave processing in that only modest electric
fields would be required to establish quite an adequate power density within
the bricks(m). The use of microwaves in the drying of ceramics will be

discussed in more detail in Section 7.2.


Joe Sulton
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Figure 20: Dielectric properties of bricks at 3 GHz as a function of the
water content, (Extracted from ref 12 by permission of Chapman and Hall
Ltd.)

4 DEVELOPMENT OF THE BASIC THEORETICAL CONCEPTS

4.1 Electric field distribution

The usual analysis of dielectric heating makes use of the wave equation,
which is derived through Maxwell equations for H and E. For electric and

magnetic fields with time harmonic variations, it is usual to represent these
with the real parts of the expressions E = EeJ“® and H = He9¥t respectively.

The wave equation reduces to the following form in one dimension for a semi-
infinite ceramic dielectric slab as shown in Figure 21(13):

&%,
5— (¥) = -ue KE (y) 18

Sy

where p is the magnetic permeability and Ez(y) refers to the electric field
in the z-direction as it varies in the y-direction. The assumption is made
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Figure 21: Interaction of microwave energy with a semi-infinite ceramic slab
(After ref 13).

that within the slab, Ez does not vary in the x-direction. The slab tends
to infinity in the y-direction. Although this is a special case of a
microwave horn radiating towards a ceramic slab material, similar arguments
follow for other microwave applicator/ceramic material configurations. The
propagation constant of the microwave energy traversing the ceramic material
is given by(14):

Yy = ijKeop =a+ jB 19
where a and B are the attenuation and phase constants respectively and, as
shall be seen below, these two parameters are in turn very strongly dependent

on the dielectric properties of the material under consideration.

Solution of equation (18) including time variations, assuming that when
y @ =, £ must be finite, yields:

E,(y) = Eoe"er‘jmt 20
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and by taking the real part, the electric field expression simplifies to:
E,(y) = Eoe—qycos (wt - By) 21

where Eo is the maximum value of the electric field intensity at the
ceramic/air interface, that is the value of Ez at y » 0. This is a very
significant result in that it allows us to estimate the extent to which the

electric field decays in traversing the material.

4.2 Power Dissipation Within The Ceramic

It is often required to estimate the amount of power that can be safely
dissipated in a ceramic given that the effective loss factor is known. This
can be obtained from considering the Poynting vector £ x H which leads to the

following expression for the power dissipated per unit volume PV:
1 * 1 " * . e ¥
P, =.5 RG(E-d) =-5 Ro(o + we e")E.E - juwe e'E.E
1 x 1 2 _3
=—o + weoe")E.E =—o + meoe")E (Wm ™) 22
2 2

The electric field is given by equation 20. In microwave heating the
electric field is assumed not to decay too fast within the material,
therefore it is usual to make the following approximation:

-ay (cy)2

E=Ee =E (1 -ay+

.) =E 23

Substituting equation 23 into equation 22 yields the power per unit volume
developed in the ceramic dielectric:

1

PR " 2 _ el _ 2
P, = 5 (o + we e )IE[ = we ek e = %eErms 24
P = 0.556x10"1%¢"fg2 (him™3) 24a
v e rrms
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where f is in Hz, Em\s is in Vm~! and Eo = JZErms‘ If the approximation of
equation 23 cannot be made then the power density dissipation has to be
evaluated by integrating throughout the volume and using expression 20 for

the electric field.

It is fairly evident that in a material which exhibits the same
dielectric properties at say, 900 MHz and at 2450 MHz, the electric field at
the lower frequency has to be much higher in order to develop similar power
densities at the two frequencies. For example, for a power dissipation of
10 M3 and €} = 0.1 the required electric fields at 900 Miz and at 2450 MHz
are 44.5 kVm™! and 27 kVm™! respectively.

4.3 Attenuation Constant And Skin Depth

As the electromagnetic energy penetrates into the interior of the
material it attenuates to an extent depending upon the effective loss factor
"

€a- The inverse of the attenuation constant is defined as the skin depth,

5;
6 =1/a 25
which is the depth at which the magnitude of the electric field drops to 1/e

of the value at the surface. Expanding and equating the real and imaginary
parts of equation 19 gives, when eg > 1:

a=uw Jipeoee"i72 26

Such approximation applies to very wet ceramics (e" = 0) where o = weoe;

and the dominant loss mechanism 1is dielectric conductivity. Therefore
substitution and inversion leads to the skin penetration depth:

5 = 1/a = (2 oep) 27

For a low loss ceramic, the usual approximation is now eg << 1, which

leads to the equivalent depth for a low loss dielectric:

&§=1/a= (2/we")lie'7ueoi 28
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For a lossy ceramic where both dipolar and conductivity losses are
present, no such approximation is applicable and the full expression
involving the attenuation constant a must be used.

4.4 Power Penetration Depth

It has been shown that the power dissipated in the dielectric medium is
controlled by the term lElz. Therefore:

- p e 20Y _ p 2v/6
P=Pe = Pe 29

where Po is the power at the surface. At y = &:

P
P. =—9=0.14P 30
& 2 o
e
giving 86% dissipation. We can define a power penetration depth Dp at which
the power drops to 1/e from its value at the surface. This gives:

-y/D
y/p

P=Pe K}

(o]

where:

Dp = 1/2a = 6/2 32

It is important to differentiate between power penetration depth and
electric field or skin depth as shown in Figure 22. At the frequencies
allocated for industrial use in the microwave regime, the penetration depths
could be very small indeed and the size of the ceramic to be treated,
particularly when it is fairly lossy, could be many times larger than Dp,

resulting in unacceptable temperature non-uniformities.

Table 3 illustrates the dependence of Dp on the material properties for
various ceramics. The Dp ranges from 169 m for pyrolytic boron nitride,
which is a very low loss ceramic, to 12 cm for hot pressed aluminium nitride,
which at 700°C and 8500 MHz is a highly "lossy" ceramic material. The
allowable size of the component therefore depends critically on the
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Figure 22: Skin and power penetration depths.

materials' dielectric properties, emphasizing the need to establish the
latter before any specific industrial equipment is built.

Large variations of the Dp can also occur in a material due to abrupt
changes of the tan 6e with temperature. Hot pressed boron nitride is prone

to such an effect as illustrated in Table 4 where the Dp reduces from 7.62 m
to 45 cm as the temperature increases from 600°C to 950°C.

5. APPLICATORS

5.1 Introduction
The term applicator is a generic one and is used in microwave heating
to refer to a device into which the material is inserted for processing. The

domestic oven can be regarded as a form of applicator for cooking foodstuffs.

Industrial microwave applicators for processing a variety of materials
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Material T f €' eg tan &, Dp
°C MHz m
Pyrolytic boron 800 2450 3 2x107% 169
nitride
Calcium titanate 25 2450 180 2)(10"3 131
Steatite 25 2450 6  2x1073 23.9
Lime alumina 25 2450 7 6x'|0—3 8.6
silicate
Porcelain 25 2450 5  1.5x1072 2.9
Barium/strontium 25 2450 2000 0.5 1.74
titanate
Barium titanate 25 2450 700 0.3 1.72
Hot pressed 500 8500 9 41073 0.47
aluminium nitride 2
700 8500 9 1.5x10™ 0.12
Table 3: Power penetration depths, Dp'
T e' tan &, Dp
°C m
600 4.22 6 x 1074 7.62
700 4.25 8 x 1074 5.70
800 4.28 20 x 1074 2.27
900 4.35 70 x 1074 0.64
950 4.4 100 x 1074 0.45

Table 4: Temperature effects of Dp in hot pressed boron nitride, Tc = 700°C.
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including ceramics, fall broadly into three categories: travelling wave,
single and multimode applicators. The most common form of industrial
applicator is the multimode type which in principle is an extension of the
domestic microwave oven but built for large scale material processing.
However, for ceramic processing all three types could find specific uses and
therefore a brief description of each will be given below.

5.2 Travelling wave applicator

The principle of operation of the travelling wave applicator is
illustrated in Figure 23, where a magnetron or klystron microwave source
transfers energy to a water load via a waveguide section. At microwave
frequencies used industrially for heating, the energy transfer s
accomplished in special channels called waveguides, the dimensions of which
depend upon the operating frequency. At the 896/915 MHz band, for example,
waveguide type WG4 is used with dimensions a = 248 mm and b = 123 mm (see
Figure 23), whilst at 2450 MHz two waveguides are used, WG9A (86x43 mm) and
WG10 (72x34 mm).

(b)
A\

Ceramic /

planar \ /

material  \ lF // Water load

. \Y /
Mlcrowavei Tzt )
source 7
1F Waveguide

(a)

Figure 23: A travelling wave applicator: a) a source feeding a waveguide and
a water load; b) cross-section of the waveguide showing the position of the
planar ceramic material. (After ref 14 by permission of Peter Peregrinus,
Ltd).
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The planar material to be processed is inserted in a slot at the centre
of the broad dimension along the waveguide length and absorbs an amount of
energy from the travelling microwave field dependent upon the effective loss
factor of the insertion. Any remaining power is absorbed by the matched
water load, with very little energy reflected back towards the source.

The electric field in the waveguide decays exponentially with a factor
e Y uwhere a is the attenuation per unit length and is strongly dependent
on the effective loss factor. The arrangement in Figure 23 poses a problem
when processing planar ceramics because it can lead to high non-uniformity
of heating or insignificant heating depending upon the value of teg where t
is the thickness of the material.

To overcome this effect the material 1is passed through a number of
waveguide lengths (passes), which leads to the development of the meander
applicator illustrated in Figure 24. This device consists of a number of
rectangular waveguides mounted with their broad faces side by side and
electrically connected in series, each waveguide having slots at the centre
of the broad face through which the ceramic workload travels at right angles.

(S —T N e N
Microwave Waveguides
source )
D
Water load (
)
e T N

Ceramic planar material

Figure 24: A meander travelling wave applicator. (Adapted from ref 14 by
permission of Peter Peregrinus, Ltd).
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As the electric field decays, the power at a point y away from the
source (Figure 23) is given by:

P(y) = Pe™23¥ 33

where P is the output power from the source incident at the input of the
rectangular waveguide. Differentiation of equation 33 yields:

dP -2a
—(y) = -2aPe™“Y = 2aP(y) 34
dy

The fractional loss of power per metre is therefore given by 2a. The
attenuation coefficient, a, relates to the partially loaded rectangular
waveguide as shown in Figure 23b. Assuming no wall or other losses, a is

given by(14):

17.37nelltA B
as= —2———9 (dBm™ ") 35

ak
(e}

where Ao and Ag are the free space and waveguide wavelengths respectively.
Substituting the values of the principal frequencies 896 MHz, 915 MHz and
2450 MHz with the approximate waveguide sizes yields for a ceramic slab of

1 mm thickness:

At 896 MHz; 2a1 = 0.891 x 21 x eg (dB) 36a
At 915 MHz; 2a1 = 0.894 x 27 x eg (dB) 36b
At 2450 MHz; 2al = 7.35 x 21 x eg (dB) 36¢c

where 1 is the width of the process material in metres. For example, for a
ceramic with e; =1 and 1 = ¥ m, equation 36b gives 2al = 0.894 dB. This
represents a reduction of about 19% of the input power in one pass and six
passes would be required to dissipate 70% of the available power.
Alternatively if eg is only 0.1 the fractional loss is now 0.089 dB per pass
which results in just 2% dissipation of the input power. Such meanders would
be unacceptably large and thus resonant applicators would be more suitable

for ceramics with low e; values.
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5.3 Single Mode Resonant Applicators

Resonant applicators consist of metallic enclosures into which a
launched microwave signal of the correct electromagnetic field polarisation
undergoes multiple reflections. The superposition of the dincident and
reflected waves gives rise to a standing wave pattern which for some simple
structures is very well defined in space. Knowing precisely how the
electromagnetic field is distributed within the resonant applicator enables
the ceramic material to be placed in the position of maximum electric field
for optimum transfer of the electromagnetic energy within it.

A most versatile single mode resonant applicator is shown in Figure 25.
It consists of a straight piece of rectangular waveguide connected to a
flange with a coupling iris on one side and a non contacting short circuit
plunger on the other side. Such a transverse electric type of applicator,
where the electric field is transverse to the direction of propagation,
results in a cosinusoidal electric field distribution as illustrated in
Figure 25c: The ceramic material to be processed is inserted in the
applicator through a slot in the broad dimension of the waveguide. As can

be seen, the ceramic experiences the maximum static electric field set up
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Figure 25: A single mode TETOn resonant applicator. (Adapted from ref 14 by
permission of Peter Peregrinus Ltd).
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within the applicator. This ranges within 1 < E < 15 chm—1 with a moderate
power level from the source, say a few kW's, and a large rate of heating can
be achieved.

For optimum performance both the position of the plunger, which
determines the operating frequency, and the size of the iris, which
establishes how much of the energy is transferred to the applicator, are
dependent upon the dielectric properties of the ceramic material under
consideration. Careful optimisation procedures must be carried out at Tow
power with the ceramic material in place before high power tests can start.
The versatility of such an applicator is unquestioned because a variable
plunger and a flange which has on it a variable aperture, enable this
applicator to treat a wide range of ceramics of different effective loss
factors simply by choosing the right dimensions(m).

Another useful but less versatile single mode resonant applicator is
shown in Figure 26. It consists of a circular waveguide operating in the
transverse magnetic or TMO1O mode and is shortened at both ends. This fixes
the overall dimensions which restrictions the operation to a given narrow

frequency band for a given ceramic.
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Figure 26: A single mode m010 resonant applicator. (Adapted from ref 14 by
permission of Peter Peregrinus, Ltd).
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Coupling of the energy inside the applicator from the connecting
waveguide and source is afforded through the magnetic fields near the
aperture as shown dotted in Figure 26. Such an applicator establishes a zero
order Bessel type electric field distribution, Eodo(kr), with a peak value
at the centre of the applicator where the ceramic dielectric is 'Iocated(M).

5.4 Multimode Applicators

These applicators are widely used in the domestic sector and have also
found many applications in dindustry. Multimode applicators are very
versatile in that they can accept a wide range of material loads of different

effective loss factors and sizes.

The multimode microwave applicator consists of a metallic container
and a coupling mechanism such as a simple iris or a number of irises forming
an array, to couple the microwave energy from the magnetron source to the
metallic enclosure. In a given frequency range such an applicator will
support a number of resonant modes. In general a mode refers to a specific
way 1in which the electromagnetic field establishes itself within the
applicator. For an empty applicator each of these modes exhibit sharp
resonant responses as illustrated in Figure 27 for f1 and f2. However, for

Electric field (arbitrary units)

Frequency

Figure 27: Typical modes in a multimode applicator. (After ref 14).
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an applicator partially filled with a ceramic material which couples
reasonably to the microwave electromagnetic field, the resonant responses of
the modes will overlap in frequency to give a continuous coupling with the
ceramic load. This broadening of the modes is also shown qualitatively in

Figure 27 where a frequency shift is seen to occur as well.

In the multimode applicator the electric field distribution is given by
the sum of all the modes excited at a particular frequency, each mode
resulting in a heating effect which is proportional to (1 - cos 0), © being
related to a linear dimension within the metal enclosure. The heating effect
of each mode therefore shows a basic trigonometric variation along the
principal coordinate axes, which results in a non-uniformity of heating in
the ceramic workload within the applicator and much consideration has been

given to minimise such an effect.

To improve the uniformity of heating two basic methods are used. A
turntable which rotates at a constant speed can be used to move the load
successively through the nodes and antinodes. Alternatively, a mode stirrer
can be used. This is a structure such as a metallic multiblade fan which
perturbs the electromagnetic field continuously by its rotation inside the
multimode oven. It is quite common to find both of these techniques in

operation.
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Figure 28: A mulitmode resonant applicator. (After ref 14 by permission of
Peter Peregrinus, Ltd).
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A typical on line multimode oven applicator for industrial processing
of ceramic loads is shown in Figure 28. Protective devices such as absorbing
or reflective loads are normally fitted at the input and output ports to
prevent leakage of electromagnetic energy to the surrounding space. The
ceramic workloads are carried through the applicator on conveyor belts
suitably designed to operate within the oven enclosure. Four magnetrons are
shown to feed power to the applicator; however industrial systems with many
tens of magnetrons feeding one applicator have been designed. With multiple
generators the opportunity exists to distribute the power so as to achieve
a better excitation of the modes and better uniformity of heating than can
be achieved with a single feed, by distributing the feed points around the
walls of the oven and by feeding at different polarisations.

6. HEAT TRANSFER

Having described the electrical parameters which control the current
density and power dissipation within the ceramic material and having outlined
various applicator structures, attention 1is now switched to the equation
which controls the heat transfer. In the present context it will suffice to
quote the following continuity equations for heat:

6T

P
—-a T Y (Hm—3) 37a
5t N (3%
8T He &M P
—=a T+fo ¥ (wn~3) 3
&t c & cy

where P is the localised power density, a; is the temperature diffusivity,
M is the moisture content in % of dry mass, Hfg is the enthalpy of
evaporation, y and ¢ are the density and specific heat respectively. For
equation (37b) two assumptions are inferred, that any moisture is
predominantly in the 1liquid phase and that convection heat transfer is
negligable. In microwave heating, a number of distinct processes can be
analysed using the equation for the heat flow accordingly simplified.
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6.1 Heating rates

For a ceramic material with no 1liquid phase (equation 37a) and with no
spatial distribution of temperature within it (AT = 0), as in the simple case
where the temperature rises at a uniform rate throughout the body of the
ceramic, the continuity equation for heat gives:

drT P
. 4 38
dt cy

Substitution of P using equation 25 gives:

~10_nge2
dT 0.556 x 10 "“efE
. e rms (oCS—T) 39
dt cy

where the electric field is given in Vm"1. the density in I<gm'3 and the
specific heat is given in Jkg'1°C'1. Therefore, for a material heated by
microwave fields the rate of rise of temperature at a given frequency depends
on the product (eg.Eams). This is a function of the temperature because of
the variation of e; with T.

If the variation is simply parabolic with the form e; = aT2,
substitution in equation 39 gives:

-10_,2..2
dT  0.556 x 10 ~aT~fE
—_ S - gT2 40

dt cy

where g is constant. Integration between limits T‘I and T2 where T.I < T2
gives:

gt = [ (/1)) - (1/15) ]

6.2 Temperature Distribution

The temperature distribution in ceramic materials heated by microwave
energy can be obtained by solving the continuity equation for heat (equation
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37a). By substituting P using equation 24 and noting any functional
relationship between eg and T, various solutions of T as a function of y
(considering only one dimension) and t can be obtained.

This ability to predict temperature distributions in media being heated
by microwave energy has been the focus of many investigations(15_19). De
Wagter(”) used a computer to simulate the temperature distributions
generated by microwave absorption in multilayered media. Qualitative
agreement was achieved between the simulation and subsequent experimental
results. The lack of complete fit between the two sets of results was
attributed to a restricted ability to measure the experimental temperature
profiles accurately. A key feature of the simulation was the capability of
allowing for temperature dependence of the dielectric properties through use
of third order polynomials.

For continuous media, Figure 29 represents the initial distribution of
absorbed power; however the temperature profile will change with time as
shown by Figure 30(20). This can lead to an inverse temperature profile,
that is a higher internal temperature. MWatters et a1(19) have confirmed the
above argument by analyzing the electromagnetic heating of an infinite half
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Figure 29: Power transmission across air-dielectric interface. (Adapted from
ref 15).
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Figure 30: Proposed variation in temperature profile with time. (After ref
20).

space in terms of the heat equation, subject to heat loss boundary
conditions. Once the necessary equations had been formulated Watters and co-
workers were able to determine the effect of a number of variables. They
determined that increasing electrical conductivity reduced the inverse
temperature gradient and thus reduced temperature inhomogeneity; increasing
the thermal conductivity also decreased the temperature inhomogeneity.
Changes 1in the incident microwave power level primarily affected temperature

values rather than the distribution.

Recently, Meek(m) attempted to develop a model for the sintering of
a dielectric in a microwave field. By assuming that partial sintering had
taken place and that the sample consisted of fully dense and 50% dense
material, Meek compared the power absorbtion, half-power depth and heating
rates in the two regions. His conclusions were that all three would be
considerably higher in the 50% dense regions. However, power absorbtion and
depth of penetration must be inversely related, invalidating the theory.

A key feature of the model was the assumption that the loss tangent of
the lower density regions was approximately equal to that of the higher
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density regions. By further asssuming the electric fields were perpendicular
to the media interface, this led to the equation:

P
P e
5 4

d

LY
k) 40.-

where the subscripts p and d refer to the porous and dense regions
respectively. In the limiting case where the porous region is virtually
100% air, e'p = 1 and thus approximately e'd more power would be absorbed by
this region than by the dense material. On this argument the low density
fibre-based dinsulation used in the experiments would absorb power more
efficiently than the samples.

Whilst the exact nature of the relationship between loss tangent and
density is uncertain, by allowing that tan 6p # tan 6d we find:

P eé tan &
32 " €"tan & 42
d p d

and thus for an ultra low density region, Pp = 0. A similar result has been

obtained by Tinga(zz).

Varadan et a1(23) have used a computer to simulate microwave sintering
via multiple scattering theory involving correlation function, shape and
size effects. The increase in the imaginary part of the dielectric constant
was primarily ascribed to the collapse of pore concentrations and the
enlargement of pore sizes with increasing temperature. Thus, according to
the model, there is a critical pore concentration at which the heating rate
of the material due to microwave absorbtion is dramatically raised and green
samples begin to densify much more effectively than by conventional furnace
heating. The critical concentration, Cps depends exclusively on the thermal

runaway temperature.

Microwave sintering of strontium titanate and c-alumina was used to
experimentally verify the importance of porosity level and distribution by
comparing heating rates for samples of varying porosity. The results clearly
indicated that the model is essentially correct; the fastest heating rate (ie
the maximum power absorbtion) being obtained for samples with approximately
50% porosity. Power absorbtion fell sharply for samples with lower or higher
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Figure 31: Temperature-time curves for strontium titanate samples with
different initial porosities. (After ref 23).

green densities, Figure 31.

An additional conclusion which may be drawn from these results is the
importance of homogeneity with respect to the density of green samples. A
lack of such homogeneity may account for some of the non-uniform heating
experienced by researchers attempting to microwave sinter green ceramic

pieces (see section 7.5).

6.3 Temperature Measurement

The accurate measurement of sample temperature during heating by a
microwave field is seen as one of the major problems to be overcome for the
successful exploitation of microwave ceramic processing. Infra-red pyrometry
has been used extensively to date, particularly when a single mode applicator
forms the basis of the sintering system. However, this technique suffers
from the disadvantage that only the surface temperature of the samples is

recorded.
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The major alternative to pyrometry involves the use of electrically
shielded and insulated thermocouples. Ideally they must touch the sample
since the latter forms its own heat source, yet this still only provides
surface temperature. Electric shielding is usually achieved by inserting the
thermocouple in a hollow metal tube, whilst electrical insulation (to prevent
discharge from the specimen) is provided by a thin ceramic coating. If the
latter is too thick then the finite (and generally low) thermal conductivity
of suitable coating materials will result in inaccurate measurements being
obtained. K'ing(24) has discussed the insulated antenna approach in some
detail.

Tinga(zz) has suggested monitoring thermocouple responses during brief
periods when the electro-magnetic field is switched off. This would still
necessitate the use of electrically shielded and insulated thermocouples for
the periods of microwave heating and whilst it is envisaged that this
approach may find some success it is likely to be very system dependent.
In some situations the decrease in sample temperature when the power is
switched off may be excessive.

Thermistors have been used(25) in another attempt to avoid heating of
thermocouple wires. Unfortunately, these devices are liable to be limited
in the temperature ranges within which they can be used to obtain
resu1ts(22). Bosisio et a1(26) developed an alternative approach in which
the material properties were monitored by a calibrated signal at a second,
lower frequency. Changes in this second signal could then be used to provide
an indication of temperature. Such a system may well find some applications,
though it is liable to be expensive.

A further technique was developed by Araneta et a'|(27) in which the
dielectric properties of the material were continuously estimated from
comparison of the experimentally determined admittance of the system with the
theoretical value. Such a procedure is limited in its applicability to the
problem of temperature control and the range of suitable sample geometries

is also restricted.

More recently a new technique has started to be implemented, involving
the use of optical fibre thennometryﬂ. This involves the use of a single
crystal sapphire rod coated at its tip with a thin film of a precious metal

f1 Accufibre Inc, Beaverton, Oregon, USA
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to form a blackbody cavity. When the sample is heated it emits radiant
energy which is transmitted via the sapphire crystal to a low temperature
optical fibre and thence to a remote optical detector. This latter converts
the radiation to an electrical signal which can be used both to measure
temperature and in a feedback system to control the temperature, the
measurements being immune to microwave interference.

7. APPLICATIONS

7.1 Introduction

Microwave energy has been used in industry in a number of distinct ways
during the last two decades. The advantages of systems involving microwave
techniques, whether alone or in combination, over purely conventional fuel
fired systems have been well documented(14). These range from faster
processing times and better uniformity of heating to space savings and
improved quality of product.

Microwave energy offers several advantages to the industrial processing
of many ceramics. Firstly, the inverse temperature profile which can be
generated (figure 30) results in much faster drying and moisture levelling
if the ceramics are wet (or alternatively the microwaves can be used to
control the amount of water content in the original wet materials) and may
also have significant potential applications when microwaves are used to
sinter ceramics. In addition it may prove possible to generate uniform
temperature profiles by combining surface heating techniques with microwave
heating.

Secondly, the coupling mechanism between microwave radiation and many
ceramic materials gives rise to a high energy transfer efficiency, leading
to greater control of microstructural development via good on-off control.
It has also been claimed that coupling can be localised (e.g. at interfaces),
allowing joining and sintering to occur with significantly faster kinetics
than by conventional radiant heating and also providing the potential for
controlling interfaces in composites systems. The combination of all these
potential advantages offers the possibility of creating new structures with
novel properties.
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Application

Intention / Comments

Drying

S1ip casting

Sol-gel

processing

Calcination

Sintering

Joining

Plasma-assisted

sintering

CvD

Other
applications

to accelerate the removal of moisture from green
bodies.

to dncrease the casting rate; also dincludes
accelerating the drying of moulds and ware.

to reduce the number of processing steps involved in
producing a sintered body from sol-gel technology.

to accelerate the process; so far only superconducting
systems and some electro-ceramics appear to have been
studied.

a wide range of ceramic and ceramic composite systems
are currently being studied with a view to accelerating
the process (and improving economics), and to
generating novel microstructures.

to decrease time required to Jjoin ceramics and,
possibly, to allow a greater range of ceramics to be
joined. Both oxides and nonoxides are currently under
investigation.

to use microwaves to generate plasmas to assist oxide
sintering.

to use microwaves to decompose gaseous species which
recombine to form thin films or powders.

includes process control, clinkering of cement
products, heating of optical fibre preforms, etc.

Table 5: Applications for microwave energy in ceramic processing.
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Apart from drying and sintering, there are many other possible uses of
microwaves in the field of ceramic processing; some of these are summarised
in Table 5. The rest of this review will concentrate on examining the
potential for microwave energy in some of these applications.

7.2 Drying

7.2.1 Theory

The removal of moisture from green ware is an important process in the
manufacture of both traditional and technical ceramic components. The
economics of the situation usually demand that the process is performed in
as short a time interval as possible; however attempts to accelerate
convective drying (the conventional drying method) can lead to a number of
problems. To understand the advantages microwave energy can offer the drying
of ceramics it is necessary to briefly review the mechanism by which moisture

removal occurs.

The drying process can be conveniently divided into two periods; a
constant rate period and a falling rate period (Figure 32). During the
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Figure 32: The two stage drying process. (After ref 28).
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former, the wet material contains so much water that the surface of the body
consists of a continuous film of water. This evaporates at a rate comparable
to that of a free water surface and is thus dependent only on the ambient
conditions (temperature, velocity and humidity of the air) and the surface
area and temperature of the water film. Once the critical moisture content
(Mc) is reached, however, the continuous film is broken and the falling
period starts.

This stage involves two processes; migration of moisture within the
material to the surface and removal of the moisture from the surface. The
former can occur by three mechanisms; vapour flow, liquid flow and diffusion.
The latter is usually only significant when the moisture content drops below
the saturation point. Liquid flow dominates with convective drying, where

the rate of moisture movement is given by(za):

Mo am P 4
dt 1 n
where C4 and c, are the water concentrations at the dry and wet faces of the
body respectively, p is the permeability of the body, 1 is the path length
(approximately equal to half the body thichness), n is the viscosity of water

and k is a constant.

From this relation it is evident that to achieve a high rate of water
flow a large moisture gradient or a low water viscosity (i.e. a high drying
temperature) would be required for a body of given permeablity and size.

Figure 33 shows characteristic curves for the conventional drying of a
wet body. Moisture is removed initially from the external surface of the
body which produces the required moisture gradient for outward moisture flow.
However, as a wet body looses moisture it shrinks and since moisture is lost
non-uniformly throughout the body, shrinkage is non-uniform. If the drying
rate is excessive, surface cracking can occur as the dry surface is placed

in tension by the still moist interior.

To overcome these problems it is normal to use either a slow heating
rate or to raise the humidity around the ware prior to heating to prevent
moisture loss. Once the body has acheived a uniform temperature the humidity
is lowered and drying begins. In either case, drying can be slow and
expensive. The use of microwave energy for drying, therefore, can offer a
number of advantages.
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Figure 33: Conventional drying profile. (After ref 28).

7.2.2 Microwave drying
It was seen in Section 6.2 that the microwave irradiation of a body of
finite size can lead to an inverse temperature profile (Figure 30). Several

researchers have examined the effect of this on the drying of porous
med-ia(m’w’zg).

Overall, much faster drying rates were found compared with conventional
surface heating, together with a lack of a significant moisture concentration
gradient during the process. This may be explained by the exponential
dependence of the diffusivity of moisture on temperature. The diffusional
flow rate for a given moisture gradient will be much higher near the centre
of a body than near the surface leading to a strong levelling process. Thus
microwave dried bodies have a completely different moisture distribution
pattern with time than conventionally dried ware, as illustrated below.

Both Wei et a’l(w) and Perk'in(w) have attempted to model the situation
arising from the use of microwaves. MWei and colleagues first developed a
mathematical model to explain the heat and mass transfer phenomena occurring
in convectionally heated wet, porous mater-ia'ls(30); water-filled sandstone
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was used to compare theory with practical results. Subsequent work developed
this approach further for microwave heated systems by incorporating Lambert's
law for the attenuation of microwave power in dielectric med'ia(w). Once
again the fluid flow and heat transfer phenomena were predicted for a water-
laden sandstone. Figures 34a and b show comparisons of the experimental and
calculated values of temperature and evaporation rate versus time for the
convectional and microwave heated samples respectively.

It can be seen from these curves that the model appears to fit the
microwave case better than the convection heating situation. The lack of fit
in the latter case is attributed by the authors to difficulty in obtaining
the surface temperature values since near the surface the temperature

gradient in the drying medium was large, about 75 Kom'1.

Figure 35 shows the theoretically calculated moisture profiles for the
microwave case (after ref. 18). They have been redrawn to allow direct
comparison with Figure 33, illustrating the much greater uniformity of
microwave heating for moisture removal. This feature is emphasised by the
results obtained by Perkin in his theoretical analysis of heat and mass
transfer characteristics of boiling point drying using dielectric heating.
The mass transfer equation developed is:

dM -Pb M -M
=—op__ c 4

dt Ls .Min_ Mc

The equation shows that the rate of internal evaporation at a point is
directly proportional to the amount of liquid present. Consequently, with
an initial non-uniform moisture profile the fastest rate evaporation occurs
where the solid is wettest. In general, provided the overall result of any
changes in the loss factor and electric field is for the absorbed power P to
decrease with decreasing moisture content, this levelling effect will be
obtained.

Whilst both the models of Wei et a1(18) and Perk'in(w) are useful
indicators of the potential offered by the use of microwaves, their limited
application to ceramic processing should be noted. Boiling of the moisture
in a green bod_y(w) will lead to disruption of the ware, whilst the work of
Wei et al, by using wet sandstone, eliminates the complication of sample

shrinkage.
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Figure 35: Microwave drying profiles (from ref 18), redrawn to allow direct
comparison with Figure 33.

Considerable research is now underway into the drying of green ceramic
bodies. As one example, current research being performed at Ceram Research
in the UK is focussed on two different sectors of the ceramic whitewares
'industry(31). In the first, microwave drying of clay items during the
manufacture of sanitaryware is being researched to replace current shop
drying methods. Clay items are normally dried overnight in a heated workshop
which means large stocks of work in progress and long processing times for
individual items. Feasibility studies have indicated that clay jitems can be
dried by microwave energy techniques in times of approximately 1-1% hours.
Industrial development of this concept offers the opportunity of more rapid
processing and eventual flow 1ine manufacturing methods.

The second sector is the tableware industry, for which microwave drying
is being considered as a means of speeding up release of the green piece from
the former, conventionally a plaster mould. The concept is applicable to
both the casting and plastic making processes. A further feature of the
research is the combination of vacuum with microwave energy. By this
approach the temperature of the evaporating water never rises much above 40°C
thereby removing any risk of damaging the plaster. Initial work has shown
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that release times can be reduced from a normal 20 minutes to approximately
one minute.

Recently, Japanese research has also been directed towards combining
microwave drying with the use of vacuums or low pressure systems(32). This
approach is claimed to improve further drying uniformity in addition to
allowing lower temperatures to be used.

The major benefit from these studies is seen to lie in the development
of more compact, flexible and efficient fabricating systems where the need
for large mould rounds and dryers covering considerable floor areas would be
removed.

7.2.3 Drying of powders

In addition to the drying of green bodies, microwaves have been used to
dry powders. Over twenty years ago A11an(33) produced a feasibility study
for the use of microwave heated moving-bed driers. In this paper Allan
attempted to provide a method for determining whether extensive pilot plant
investigations could be econonmically justifiable in situations where limited
data is available.

More recently a conventional, domestic microwave oven has been used to
dry advanced ceramic powders produced by a wet chemistry route(34). The use
of microwaves was found to result in much faster drying and also to produce
a powder which consisted of soft agglomerates. These were more easily broken
down during pressing than the conventionally dried powders and so yielded
higher sintered densities. Although the final strengths were primarily
dependent on other factors, there was an indication of slightly higher
strengths and reduced variability with the microwave dried powders. These
results were attributed to the vapour pressure produced within the
agglomerates, the effect of which would be to open them up, reducing the
degree of bonding. Futhermore, more unifom drying was believed to occur with
Tocal moisture concentrations absorbing more energy and thus evaporating more
quickly.

Sheinburg et a1(35) have explored several evaporative approaches to
powder formation from aqueous nitrate solutions in the Gd-Ba-Cu-0 system
including microwave drying and decomposition. Simple microwave dehydration
of the nitrate solutions yielded fine powders, with continued heating causing
some decomposition (though not the Ba(NO3)2). The principle problems with
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this route were the evolution of nitrogen oxide fumes and a lack of chemical
homogeneity owing to the excessive time required for precipitation of the
powder during dehydration.

When citric acid was introduced to the nitrate solution and the pH
adjusted to 6 via ammonium hydroxide additions, a citrate-based gel was
formed. After drying, continued application of microwave energy caused the
product to ignite in a controlled manner, a burning interface moving at about
1 through the material. The resultant friable product was
microcrystalline in nature and relatively homogeneous, though it contained

1 cms™

some free barium carbonate and copper oxide. Nevertheless, on 'conventional'
sintering it yielded the desired '1-2-3' phase at relatively low

temperatures.

7.3 Slip Casting

7.3.1 Theory

The use of microwaves in the drying of green ware through the
interaction of the electromagnetic energy with the polar water molecule led
to experiments involving slip casting.

The driving force for the extraction of liquid during slip casting is
the suction pressure created by the porous structure of the mould. During
this dewatering of the slip the solid particles are drawn together to allow
attractive particle interactions. Once the cast layer is formed a moisture
gradient 1is created and the process becomes one of diffusion. Since
diffusion of the liquid through the cast is much slower than through the
mould the former becomes the rate controlling step. Thus casting rate is
determined to a large extent by permeability of the cast.

A number of investigators have modelled the casting process, for example
Aksay and Sch1'111'ng(36). who derived the equation:
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where D is the thickness of the cast after time t, PT is the total pressure

difference across the cast and mould, n is the viscosity of the slip medium,
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ac and a, are cast and mould resistance terms respectively, n is a system
parameter given by (1-vs—pc)/vs. Py and p. are the pore fractions in the
mould and cast respectively and vg is the volume fraction of solids in the

slip.

As can be seen from this equation, casting rate is directly related to
pressure and various methods have been used to dincrease the pressure
difference across the cast(37). These include pressure casting, centrifugal

casting and vacuum assisted casting.

The temperature of the slip is also of significance since viscosity
decreases with increase in temperature. Van Wunnik et a1(38) showed the slip
temperature, and also that of the mould, to be important parameters in the
casting process and Hermann and Cut1er(39) found that the rate of casting
varied linearly with temperature. This appears to be the principle variable

affected by the use of microwaves.

7.3.2 Microwave assisted slip casting

Many researchers(4o—47) have experimented with the use of microwaves
with respect to slip casting. Generally, they have found that microwaves may
be beneficially used in four stages of the slip casting process:

i) during the casting period,

i1) after draining off the excess slip (to harden the cast),
iii) to dry the resultant green body, and

iv) to dry the moulds ready for re-use.

Of these three applications, the latter two are primarily drying excercises
and, as such, have already been discussed above. Further discussion of these
two stages will therefore be limited in nature.

The earliest report found on microwave slip casting was made by B]in(40)
during the XIth International Ceramic Congress in Madrid. He reported on the
drying of earthenware tiles and plates and also on the rapid casting of cups
and small jugs. This was followed by a subsequent pub]ication(41) in which

further details were given.
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As a result of this work, Evans(42) investigated the potential for the
slip casting of large sanitaryware pieces and found that the casting cycle
could be accelerated significantly with no detrimental effects on the clay
bodies produced.

The process was patented by Tob-in(43) who used the slip casting of
sanitary ware for tests. He found that a three to four minute microwave
exposure at approximately 750 watts followed by a set time of a further 20
minutes was sufficient to produce a cast with the same green strength and
mechanical stability as a similar body produced in one to two hours without
the use of microwaves. Despite these impressive savings in time, it was the
subsequent drying of the ware and the moulds by microwaves which gave the
greatest economies. A further advantage accruing was the ability to dry the
mould with great precision increasing production yields significantly.

The Italian company, Mori SpA(M'). has also worked in this field. In
comparative tests between conventional and microwave slip cast sanitaryware,
production rate was found to increase significantly through the ability to
use three work shifts in place of the usual single shift and the overall cost
of the product was lowered. Once again, the principle saving in time was
concerned with the drying of the moulds which allowed a much faster turn
around and removed the need for expensive controlled atmosphere rooms or
buildings in which the moulds dry for periods of up to 16-24 hours. Mori
also claimed that drying of the ware could be reduced from 24 hours in
ambient air to 35-60 minutes by exposure to microwave radiation, the latter
resulting in less than 1% residual water in the product. The actual casting
stage was reduced from an average of 90 minutes per piece to 10-15 minutes
using microwaves. Costs were assessed at Lit.2800 per piece using
conventional technology and Lit.2500 per piece using microwave assisted slip
casting.

An extensive analysis of the use of microwaves in the slip casting of
toilet bowls has been performed by Chabinsky and Eves(45). The increase in
casting rate is explained by the movement of moisture through the mould to
the outside mould wall. This, in effect, is claimed to keep the inner wall
(which is in contact with the s1ip) dry to the extent of a new mould. A one
hour cycle from cast-to-cast was established with no active drying required
for the plaster moulds. In addition, the same mould on repetitive casting

showed no deterioration implying a possible increase in mould life.
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Subsequently, Chab-insky(‘w) has attempted to quantify the advantages
offered by the use of microwaves. His conclusions, again based on
sanitaryware, are set out below:

* increased productivity - 10-40%

* dincreased repetivity and quality - 30-50%

» reduced floor space - 50-70%

» reduced mold shop and construction - 60-70%

* reduced material handling - 30-40%

* reduced refire - owing to ware uniformity

« improved slip operation - leading to reduced costs

* reduced personel physical problems

= improved computerisation and thus production control

Relatively little research has been performed into the use of microwaves
during the slip casting of advanced ceramics or composites. However, recent
work on the slip casting of alumina and alumina-SiC composites by one of the
authors(”) has indicated that the use of microwaves can result in an
increase in casting rate of approximately 2} times over conventional casting.
This increase was considered to arise principally as a result of a decrease
in slip viscosity with increasing temperature. The acceleration was achievd
with no noticeable degradation of the physical and mechanical properties of
the cast body.

7.4 Calcining

Very little work has been reported in the literature on the use of
microwave energy to calcine ceramic materials. As will be discussed in more
detail in the next section, many ceramics are essentially transparent to
microwaves at room temperature. This is often overcome during the sintering
of green bodies by the polar nature of the binders present which are
sometimes capable of absorbing sufficient energy to allow the body to reach
a high temperature. The ceramic phase may then become lossy enough to
continue the heating process. For calcining, however, binder phases are
generally absent and thus the number of materials which may be heated without
the use of some form of susceptor is more restricted.

Nevertheless, there are still a much larger number of ceramics which are
microwave absorbing at room temperature than is commonly imagined. In



344 Advanced Ceramic Processing and Technology

addition to dielectric structural ceramics such as silicon carbide and
nitride, the vast majority of the electroceramics have high loss factors at
Tow temperatures. Harrison et a‘|(48) used microwaves to dry, calcine and
fire PZT and PLZT powders. Batches of powder were calcined in air, a dense
PZT piece being inserted into the powders to improve coupling. The results
of the calcination stage indicated that significantly shorter calcination
soak times could be used with microwave heating, however at the expense of
higher quantities of unreacted lead oxide.

Ahmad et al (49) have used microwave energy to calcine precursor
materials to yield superconducting powders. The process involved the
conventional mixed oxide route with the powder undergoing 3 calcinations at
900°C followed each time by grinding and pelletising. After a final
pelletisation the resultant product was also microwave sintered in a bed of
powder at 750°C for 30 minutes and then cooled to 500°C for 1 hour before
final cooling. The sintering, annealing and cooling stages being performed
in flowing oxygen. The end product had similar physical properties to
'conventionally' produced ceramic using the same conditions, however the
microwave processed material had a lower degree of porosity and a larger and
more even grain size, resulting in what was described as an overall 'better
microstructure'. Ahmad et a’l(49) concluded that microwave processing was
superior to conventional processing for the mixed oxide route at the
sintering and annealing stages but less useful for calcination.

7.5 Sintering

7.5.1 Introduction

Despite the widespread view discussed above that ceramic materials are
essentially transparent to microwave frequencies, perhaps the greatest amount
of research effort in the field of microwave ceramic processing is concerned
with firing or sintering. Most of this effort, however, has occurred over
the last 5 years with a large number of ceramic systems now having received

attention.

Initially work concentrated on ceramics which couple strongly with the
incident radiation. More recently, there has been a trend towards studying
materials with particular relevance to modern engineering ceramic
applications. Some of these latter ceramics have a very low dielectric loss
at room temperature, meaning that the material is essentially transparent to
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microwave radiation. However, by 800-1000°C most such ceramics are
sufficiently lossy to continue heating of their own accord (see Figures 14
& 15 for alumina, for example). Considerable attention has therefore been
focussed on finding methods to achieve the initial heating of low-loss
ceramics and these have included the use of susceptors, additives and high
frequencies. Each of these approaches will be covered in subsequent

subsections.

In the studies described below, both single mode and multimode systems
have been used to achieve heating effects. T*inga(22) has addressed the
problem of applicator design and concluded that when irregular objects need
to be processed, multiresonant systems are probably preferable to plane or
travelling wave applicators. MWhilst single resonance applicators have the
advantage of being able to generate high field strength in the central core
of the applicator, they are restricted in the geometry of sample they can
handle.

7.5.2 Ceramic systems studied.

The earliest reports of work aimed at generating high temperatures in
ceramic materials using microwave radiation found by the authors was
performed by Ford and Pei(so) as long ago as 1967. A wide range of oxide and
non-oxide materials were heated in a standard muitimode microwave oven
consisting of two 800 W, 2.45 GHz magnetrons coupled into a cavity with a
field stirrer. Sample size was found to be important for the low loss
materials, with faster heating rates being obtained with increasing size of

samp'lefz.

f2 This phenomena, however, is probably due to a combination of two
effects. Firstly, cavity walls are often made of a relatively low electrical
conductivity stainless steels. This results in them absorbing a significant
percentage of the incident radiation when only a small amount of a low
absorbtion material is placed inside the cavity. Up to a point, therefore,
larger samples will result in greater power dissipation in the material.

Secondly, with small samples the surface area is generally high and
therefore heat losses from the material can be great enough to prevent any
rise in temperature. (This has frequently led to the practice, during
microwave sintering, of totally surrounding samples with insulation in an
attempt to reduce heat losses.) However, as sample size increases, the heat
lost becomes less than that generated and the temperature rises. Microwave
heating of multiple samples is often more effective, therefore, than heating
single samples (see later in text).
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Uranium oxide fuel pellets, which had the fastest heating rate in the
initial experiments (1100°C in 6 seconds), were used for subsequent work on
sintering. Conventionally, urania could be sintered in hydrogen to about 96%
of theoretical density at 1700°C using a sintering cycle that could last up
to 20 hours. Ford and Pei, however, reported the ability to microwave sinter
the material, without cracking, to 87% density using a maximum temperature
as low as 1100°C and only a four hour sintering cycle.

The reduction in length of the cycle is easily explained by the much
faster heating and cooling rates used in the microwave experiments. On the
basis of these results, Ford and Pei suggested that the rates used in the
conventional sintering of urania could be substantially increased.

The lower sintering temperature is almost certainly artificial to some
extent, in that quite severe thermal gradients probably existed within the
sample. The internal temperature may thus have been considerably hotter than
the 1100°C measured. This conclusion is supported by work performed at the
Oak Ridge National Laboratory several years 1ater(51). Tests intended to
microwave dry samples of hydrated U03 gel spheres as part of a nuclear fuel
preparation process using a standard 600 W domestic oven resulted in partial
melting of the samples. Published melting points for U02 are 2878+20°C. It
is interesting to note, however, that during heating a local hot spot
(typically 1-3 cm in diameter) would develop which continued to heat without
any change in the remaining UO3.

In the mid 1970's Badot and colleagues, at the National Centre for
Scientific Research in France, used a rectangular single mode cavity
operating in the TE01n mode rather than a multimode oven(52'53). In what is
now widely regarded as pioneering work, three oxide materials were studied
with dielectric property measurements over a range of temperatures being used
to aid in the design of the experiments. Sintering of alumina was achieved
in 10 to 15 minutes and melting of silica rods could be maintained using only
a few hundred watts of microwave energy, provided the rod was preheated to
near 1its melting temperature where losses from ionic conduction became
significant. Advantages from the process were considered to be precise
temperature control, an absence of pollution and the low power requirements;
400-500 W compared with about 10 kW used by other systems to melt the same
sample volume. This was believed to be possible through the very high, near
90%, energy conversion efficiency.
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Subsequent work(54) involved the sintering of B-alumina ceramics. These
are superionic conductors with a highly anisotropic crystal structure. Using
a TEyq, single mode cavity and a 2.45 GHz microwave generator capable of
producing a continuously variable output between 20-1500 W, they discovered
that after sintering the crystallites were oriented such that their
conduction planes were parallel to the electric field vector in the resonant
cavity. This phenomenon was thought to be due to one of two reasons; either
the centre of the samples completely melted and on recrystallisation the
grains were oriented, or reorientation of the grains occurred as a result of
the presence of a transitory liquid phase during sintering. As a further
advantage, the outer surface of the samples being at a lower temperature to
that of the centre, the latter was protected by the surrounding environment
and soda losses by volatilisation were reduced. Both these results have
important implications for other ceramic systems, For example, the
possibility of achieving grain orientation in high Tc superconductors and
reduced lead loss in lead-based electroceramics.

(55)

Boron carbide was found to couple with 2.45 GHz radiation almost

four times better than water on a Joule rm.)'l'1 of energy absorbed basis. More

(56) sintered boron carbide disks, 1 cm diameter by 1 cm

recently, Katz et al
thick, to greater than 95% density in only 12 minutes. This compares
extremely well with the 1-2 hours required using hot pressing. No sintering
aids were used and the sintering process appeared to follow a similar pattern

to that obtained when conventional techniques are used.

Roy and co-workers(57'58) have examined the heating behaviour of
alumina, silica and mullite gels. Results dindicated that all three gels
could be heated rapidly to temperatures in excess of 1500°C in a standard
600 W domestic oven. Whilst the absorbtion mechanism was not understood, the
mass of the gel was found to be a prime factor in controlling the heating
rate. This point has already been discussed (see previous footnote).
Nevertheless, as the authors conclude, with the emergence of sol-gel
technology the high susceptibility of gels to microwave radiation provides
interesting possibilities.

Harrison et al (48) used microwaves to sinter green PZT and PLZT pellets.
The former were sintered in tubes of fired PZT whilst the latter were
sintered in closed magnesia crucibles containing loose PbZr03 powder. The
density of the microwave sintered PZT was approximately the same as that of
conventionally sintered pieces, although the soak time was reduced from 60
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to 12 minutes. Grain sizes were also smaller, leading to a 933 coefficient
a factor of 2 larger for the microwave processed material. The principle
advantage of the microwaves for the PLZT pellets was the ability to sinter
the material to high densities in an air atmosphere. The researchers
concluded that the microwave route was particularly attractive for PLZT.

Johnson and co-workers at NorthWestern University in the USA, used a
circular cross-section applicator, operating in the TE111 mode and with the
inner surfaces of the walls given a smooth, silver coating to reflect
heat(sg), to conduct sintering experiments on S'i3N4. $iC, A'|203 and A'|203-

TiC composites(60'64).

The silicon nitride underwent highly localised heating; some areas
decomposing to elemental silicon, in others whiskers and hexagonal rods of
an undetermined chemical composition grew into the porosity, whilst the
balance of the material remained unchanged(so). Argon, the usual atmosphere
employed in conventional sintering of SiC, proved to be unacceptable for the
microwave sintering of this material on account of breakdown and arcing even
at low power 1eve1s(60'64). This forced the use of a nitrogen atmosphere and
whilst temperatures as high as 2200°C could be achieved without plasma
formation through increasing the pressure to about 0.9 MPa, no densification
was observed. This was attributed to depletion of the boron sintering

additive via reaction with the nitrogen atmosphere.

In contrast, the much lower dielectric constant alumina could be
sintered to high densities (>99%) with grain sizes less than 1 pm being
retained under optimum cond'itions<61). This was believed to be a direct
result of the fast heating rates achieved (up to 400°C min'1). Extensive
research by Brook and co-workers (summarised by ref 65) has shown that rapid
heating leads to improved ceramic microstructures through the retention of
fine, uniform grain sizes - the concept of 'fast-firing'. This is achieved
through the optimisation of the conditions for a high densification rate and
Tow coarsening rate. Whilst this work has been based on rapid 'conventional’
sintering procedures, there seems to be no reason why the use of microwaves
should not lead to similar results.

A surprising feature of the work at NorthWestern is that despite the use
of an applicator designed to maximise temperature uniformity, severe
temperature gradients were found both radially and axia'l'ly(sz). This
resulted in cracking being observed in the A1203—TiC composite samples, with
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the higher TiC contents proving to be more susceptible. A uniform hot zone
could be achieved only by rotation and axial oscillation of the specimens.
Figure 36 shows the temperature dependence of density for microwave sintered
and coventionally fast-fired 70% A1203 - 30% TiC, the composition which was
found to microwave sinter with least problems.

An interesting observation to come out of the subsequent work(63), is
that for the same net input power, the higher conductivity samples (ie,
higher TiC concentration) showed lower surface temperatures and lower heating
rates (Figures 37a and b). This was explained in terms of the higher
conductivity samples having a relatively large hot zone and a more even
temperature distribution which lowered the absorbed power density and
therefore the heating rate. Melting was always observed for samples of pure
a-alumina and 10 wt% TiC composite, but never for 30 wtZ and 50 wt?
composites. A'|203 - 20 wtZ TiC composites behaved in an intermediate
fashion, 1indicating a transition composition between the two types of
behaviour. These results appear to be at odds with the earlier findings
where increasing the ngz)oontent led to greater non-uniformity in the

temperature distribution These results now require further explanation.

A distribution of a high dielectric loss phase in a low loss matrix appears
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Figure 36: Temperature dependence of density for microwave sintered and
conventionally fast sintered 70% A1203 - 30% TiC. (After ref 62).
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to lead to a more uniform temperature distribution (see Section 7.5.5).

In a parallel study(M),

cracking during sintering of A1203 - TiC
composites was avoided by use of a two-stage heating process. In the first,
presintering step, densities in the order of 82-85% of theoretical were
obtained by gradual heating to 1450°C - 1500°C under a relatively low
nitrogen heating pressure. The samples were subsequently heated to the full
sintering temperature under high N2 pressures at a high heating rate to
minimise grain growth. Thermal cracking in this second stage was minimised
by the presintered strength of the samples. Whilst this technique
undoubtedly worked, it does seem to negate many of the inherant advantages

proposed for microwave sintering.

7.5.3 The use of susceptors

Ferrites have been recognised as efficient absorbers of microwaves for
many years and have therefore found applications in microwave devices such
as attenuators, isolators and mode suppressors. The heating effect resulting
from the absorption of microwaves has generally been counteracted through the
use of small components and water or air cooling systems. By the mid 1970's,
however, it was realised that the heating effect could be used to
advantage( 66-68)

In 1981 Krage(67) examined the electromagnetic loss mechanism in barium
ferrite and then devised an experimental apparatus, based on a multimode
cavity, to achieve sintering. A key feature of the equipment was a
microwave-absorbing setter plate (or susceptor) to support the green magnets.
One of the problems associated with the microwave sintering of ferrite
ceramics is their generally low thermal shock tolerance. On conventional
heating the surface is hotter than the centre of a body, leading to the
generation of compressive stresses in the surface layers. Since ceramics are
much stronger in compression than tension, rapid heating usually causes fewer
problems than rapid cooling. However, with microwave heating the generation
of an inverse temperature profile can mean that rapid heating poses the same
problems as rapid cooling, i.e. the generation of tensile stresses in the
surface layers.

Since both the setter plate (a composite based on silicon carbide) and
ferrite heated in the microwave field, any heat sink problem from the magnets
in contact with the plate was eliminated. In addition, and probably more
importantly, the heat given off from the plate heated the interior of the



352 Advanced Ceramic Processing and Technology

insulated cavity. This will have reduced the heat losses from the surface
of the samples and thus lead to a more uniform temperature profile, thus
reducing thermal shock problems. As a result of Chabinsky's(sg) work on the
sintering of alumina spark plugs it is also believed that the use of a large
batch size of green samples will have contributed to the uniformity of the
temperature profile. Krage found that he could sinter barium ferrite magnets
with a heating rate of 9°C min™!
the physical and magnetic properties of microwave and conventionally sintered

without danger of magnet cracking and that
material were comparable.

Similar conclusions were reached by Okada et a1(68) who used a
cylindrical TEO11 cavity resonator to sinter calcium vanadium garnet ferrite
compacts. The internal temperature of the small samples, sintered one at a
time, was estimated to be approximately 100°C higher than the surface
temperature, leading to less uniform properties than those achieved by Krage.

(70) used a disc of silicon carbide as a susceptor during

Wilson and Kunz
work on sintering yttria partially stabilised zirconia (Y-PSZ). Green bars
were sintered in an enlarged region of a waveguide using 2.45 GHz radiation.
Visual observation of the zirconia during sintering (by reflection off
darkened glass) showed that sintering started by an outward bowing of the
upstream edge of the samples, followed by the appearance of small cracks.
These healed and other cracks subsequently appeared. Eventually the centre
shrank and glowed as it heated and then the shrunken, glowing region
gradually moved outward until the whole sample was sintered. These
observations appear to support the sintering model proposed in Section 6.2.
Densities in excess of 95% were achieved in times considerably less than

those required for conventional sintering.

Care must be exercised when designing the shape of the susceptor.
Humphrey(71) used a susceptor during work on the sintering of barium titanate
ceramics. It consisted of a 1 inch thick closed box made from SiC sheets.
Although a measurable electric field apparently existed during firing, it is
uncertain what fraction of the sintering achieved was by direct interaction
of the microwaves with the barium titanate and what fraction was of a more
conventional nature from radiaton by the SiC. It should be noted that SiC
has one of the highest loss factors of any ceramic material and therefore one
of the lowest penetration depths. The results showed very great similarity
between the microwave sintering and conventional sintering using SiC radiant
elements.
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7.5.4 The use of additives

Meek and co—workers(72’73) have used a variety of additives to achieve
initial heating. Sodium nitrate and glycerol were used to accomplish
coupling with the microwave field for alumina-silicon carbide whisker and
alumina-silicon nitride whisker composites and a pyrex-silicon carbide
whisker oomposite(72). The alumina-based materials appeared to sinter to
full density, presumably as a result of the low viscosity glass phase likely
to be formed as a result of the use of a sodium-based additive. The glass-
based composite, however, retained a significant amount of gas phase in the
form of bubbles.

When sintering zirconia-silicon carbide whisker and zirconia-silicon
nitride whisker composites, zirconium nitrate and glycerol were added. The
results were a sintered matrix with good bonding between whiskers and matrix.
It was also claimed that with the SiC whiskers, alignment between whiskers
and the electromagnetic field of the incident microwaves was observed.
Whether a multimode cavity would generate a uniaxial field, and if so,
whether it would generate sufficient torque to align whiskers, is uncertain
however. It is also uncertain whether the samples were initially in the form
of a slurry, providing freedom to orientate.

A much wider range of additives were investigated in the subsequent
study(73). Paint grade Ca0-stabilised Zr0O, and Y03, and fine Y-PSZ and
A1,03 powders were die pressed and microwave sintered 'pure' and using
additives such as zirconium oxynitrate solution (ZON), niobium, tantalum
carbide, silicon carbide, molybdenum disilicide, iron and copper. Resultant
porosities appeared to follow no recognisable pattern with respect to
additive used or level of additive. Where additives were used a three stage
heating process was claimed. Initially the zirconia-based insulation was
believed to couple with the microwaves, heating the samples to between 700
and 1000°C. By this temperature the sintering aid material was coupling and
raised the ceramic temperature still further until it began to heat of its
own accord. When no additive was used the second stage was obviously not
present, though it appears to have had negligable effect on the properties
of the resultant body. A three stage heating process was also obtained by
Tian et a1(61). however in this case the stages had to be intrinsic to the
samples since no insulation or additives were used. This casts doubt on the

explanation provided by Meek and co-workers.

The mechanical and physical properties of microwave sintered paint grade
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yttria containing 2 wt® zirconia, introduced in the form of zirconium
oxynitrate, were investigated further(n) and the results compared with
commercially available material of similar composition. Whilst the modulus
of elasticity for the microwave processed material varied between 77-
206.5 GPa (commercial material, 150.5 GPa), the thermal shock resistance of
the former was considerably superior to that of the commercial material. A
sudden change in temperature (AT) of 200°C decreased the strength from 50-
60 MPa to 15 MPa. The microwave sintered material, however, displayed little
change in strength with thermal shock testing up to 500°C. If anything, the
results indicated that a higher strength was obtained as the degree of
thermal shocking increased - even up to 800°C. This was attributed by the
authors to the microwave sintered material having disconnected, spherical
porosity whilst the commercial material contained connected, non-spherical
porosity.

7.5.5 The use of high frequencies

An alternative to either the use of susceptors or additives is to
increase the frequency of the incident microwaves. The higher the frequency
the greater the power deposited in the sample and thus even low-loss
materials can be made to couple. The disadvantage of high frequencies is a
decreased depth of penetration making heating a more surface effect.

(75,76) used a high power gyrotron oscillator that produced

Kimrey et al
hundreds of kilowatts of microwave power and operated at 28 GHz. This was
coupled to a large untuned cavity, some 76 cm in diameter by 100 cm long.
Experimenting with large (several hundred cubic centimetre) alumina samples
resulted in >98% densities being achieved over much of the sample volume.
However, samples were cracked, indicating excessive thermal stresses during

heating.

Meek et a1(77) have experimented with 60 GHz microwave heating. High
purity, submicron alumina powders could be sintered to >95% of theoretical
density by heating to 1700°C in about 6 minutes, this was followed
immediately by cooling. Suprisingly for such a rapid thermal schedule, the
average grain size was found to be of the order of 5 pm indicating
significant grain growth and yet pockets of incompletely densified material
retaining the original powder morphology were also observed. These results
are indicative of extremely inhomogeneous coupling of. the microwaves with the
alumina and might be attributable to the decreased depth of penetration
associated with high microwave frequencies.
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No such variation in density is mentioned for alumina-silicon carbide
whisker composites produced from the same alumina powder. This may indicate
a greater degree of heating uniformity as a result of the dispersed high
dielectric loss (SiC) phase, which compensates for the decreased depth of
penetration (see discussion of refs 62 & 63, section 7.5.2). The maximum
density achieved, 77%, 1is approximately comparable with that achievable

through conventional, pressureless sintering.

7.5.6 Non—thermal effects

Many of the references cited contain results indicating that microwave
sintering has been achieved in times considerably less than those required
for conventional sintering; for example refs 48, 56, 70, 72, & 73. This may
be evidence for additional, non-thermal effects on diffusive processes or may
result from the use of faster heating rates. Despite substantial evidence
for the 1atter(61'65’78), there appears to be a widespread feeling among
researchers working in this field that microwaves may result in improved
densification through non-thermal effects such as reduced activation
energies. This was particularly noted during discussions at the Materials
Research Society Symposium in Renof 3. The current authors, however, remain
sceptical.

7.6 Joining

The joining of ceramic materials using microwave energy is one of the
least researched topics and yet appears to offer considerable potential.
Meek and B’Iake(79) used a conventional, domestic (700 W) microwave oven to
make ceramic-glass ceramic seals. Three different sealing glasses were used
to join 96 wt% alumina substrates, by making a 'sandwich' out of two
substrates and the glass in the form of a slurry. An unspecified coupling
agent was added to the glass slurries to enhance the loss factor at Tow

temperatures.

The key result of the work was an observed difference in bonding
mechanism between microwave and conventionally heated samples. Extensive
inter-diffusion was reported in the former case leading to a diffusion
bonding mechanism, whilst the conventionally heated samples displayed very

f3 Microwave Processing of Materials, Symposium M, Materials Research Society
Spring Meeting, Reno, Nevada, USA. April 5-9, 1988.
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Tittle interdiffusion and wetting was determined to be the predominant
bonding mechanism.

A more sophisticated approach has been taken by Palaith and co-

(80'81). One of the principal differences in the work was the

workers
replacement of the multimode cavity of a domestic microwave oven with a
single mode cavity. This resulted in a high conversion efficiency, good
control over the process and permitted detailed modelling of the microwave
radiation - ceramic interaction. The apparatus used is shown in Figure 38.
A key feature is the use of a compressor and acoustic probe. The former
allows pressure to be applied during joining of rods and bars whilst the
latter permits the joint to be monitored throughout the joining process. A
further feature is the ability to vary the atmosphere in the cavity
(including evacuation), although at the expense of having a fixed, rather

than adjustable, iris.

Thus far the joining of two materials has been attempted, these being
alumina and mullite, with silicon nitride to follow once the sealing of the
cavity has been perfected. The results indicate that use of this technique
allows oxide ceramics to be joined in very short time periods, typically 5-
15 minutes, and with Tow power consumptions (100-300 W). Microstructurally
the joints resulted in a line of porosity, however no grain growth was
observed and in the low purity, porous materials chosen for the study, the
joints appear to have had at least as great a strength as the as-received
material. This was indicated by the test specimens failing away from the
joint region during four point bend strength measurements.

The Toyota Central Research and Development Laboratories in Japan have
developed a very similar research progranme(ez) to that created by Palaith.
The Japanese apparatus operates at 6 GHz rather than the 2.45 GHz used by the
Americans and does not have the ability to moniter the joint during formation
via an acoustic probe. Nevertheless, the results achieved are very similar.
92-96% pure alumina rods could be joined at temperatures of 1850°C under 0.6
MPa of pressure in as little as 3 minutes, the joint displaying very similar
strengths to the original material. It was, however, difficult to join rods
of >99% purity, even when using a small sheet of lower purity alumina as an
adhesive between the ends of the rods. Electron microprobe analysis (EPMA)
showed that impurities did not diffuse across the interfaces from the low
purity adhesive into the higher purity rods. These results, combined with
those of Palaith et a1(81), indicate that it is almost certainly the presence
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of glassy grain boundary phases which allows the joining to occur.

This conclusion is further supported by Fukushima's work on joining
silicon nitride rods. When a low purity 'adhesive' sheet was used the
maximum strengths achieved matched those of the adhesive material. Without
the use of such an adhesive, joint strengths were limited to only 70-90% of
the intrinsic strength of the high purity rods.

An interesting feature of both research programmes is the speed with
which the joints occur, comparing very favourably with the 30-120 minutes
required with conventional heating element furnaces(83'84). Palaith et
a'|(81) suggest this may be further evidence for the nonthermal effects
believed to be associated with the use of microwaves and discussed briefly
in Section 7.5.6. However, an alternative explanation could be that in the
conventional case the heating of the glassy grain boundaries is dependent
upon the thermal conductivity of the ceramic matrix, whilst the use of
microwaves removes this limitation by putting the energy directly into the
lossy grain boundaries.

Fukushima(82)

also reported an apparent reduction in the degree of
scatter in the strength results of the joined material compared with the
original rods. No explanation for this was provided though it was thought
that it may be attributable to rounding of porosity reducing stress

concentrations.

Overall, using microwave energy to join ceramic components appears to
have considerable potential, especially for materials containing glassy
second phases -~ and it should be remembered that these materials make up the
bulk of current commercial ceramics. Strengths approximately equivalent to
those of the original component appear to be achievable and thus the
opportunity to use this technology for repair work (perhaps even with
portable units) and constructing articles of complicated shape out of several
components, seems to be unequalled. Future work should perhaps investigate
the dependence on glassy, secondary phases more closely to determine its

exact role.

7.7 Plasma-based processing

Plasmas are used in a variety of processing applications, including
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surface deposition techniques and sintering. One of the best known examples
of plasmas for deposition is the growth of diamond films by chemical vapour
deposition, the plasma assisting in the decomposition of the gaseous species.
This is now a very large field in its own right and further discussion really
lies beyond the scope of this review, apart from a brief discussion of the
advantages of microwave-induced plasmas compared with other excitation
techniques.

The use of plasmas to assist in the sintering of ceramic materials was
first reported by Bennet et a'I(BS) . A microwave-induced plasma discharge was
used to sinter rods and pellets of a range of oxides in several gases at
pressures between 130 and 6700 Pa. The results indicated that plasma
sintered samples displayed smaller grain sizes and greater densification
compared with samples conventionally sintered under similar temperature, time

and atmospheric conditions.

More recently these results have been confirmed by the work of Kemer and
Johnson(as). Using green alumina rods they showed that the microwave-induced
plasma was capable of producing densities in excess of 99% of theoretical in
less than 2 minutes and densities approaching 99.9% in less than 10 minutes.
This may be attributable to the very high temperatures (>1900°C) attained,
combined with the extremely high heating rates (up to =100°C 5'1) associated
with this processing route. These results support the arguments of Brook(ss)
for enhanced grain boundary and lattice diffusion, leading to densification,
without a concomittant increase in surface diffusion which leads to

coarsening.

A third factor which was believed might contribute to the rapid
sintering rates was the possibility that the plasma chemically interacted
with particle surfaces to enhance densification. Whilst this theory was
largely discounted by the authors on the basis that rapid sintering rates to
high densities were not unique to plasma sintering and plasmas are unlikely
to exist within porosity, the presence of plasma etching was suggested as
indirect evidence of such non-thermal effects. This whole line of argument
has interesting parallels with that proposed for non-thermal effects in
microwave processing and briefly discussed in Section 7.5.6.

Plasmas have been generated by both dc devices and radio frequency
induction in addition to microwaves. However, the microwave-excited plasmas
appear to offer a number of advantages over dc and low frequency plasmas, not
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just for plasma sintering but for the full range of plasma-based

applications. These have been summarised by Ji and Ger‘]ing(87):

1. A microwave-induced plasma produces a much higher degree of jonisation
and disassociation. This, in turn, provides a field of active species

some 10 times higher than obtained with other types of electrically-
excited plasma.

2. It is possible to sustain a microwave plasma over a wider range of
pressures than other electrically stimulated plasmas, typically from
107° torr to several atmospheres. This broadens the range of
applications.

3. The electron-to-gas temperature ratio, Te/Tg, is very high with
microwave—induced plasmas allowing the carrier gas and substrate to
remain moderately cool even in the presence of high electron energy.

4. The absence of internal electrodes removes a source of contamination and

makes reaction vessels simpler.

5. The state of the art of microwave engineering at high power levels is
relatively well advanced.

8. CONCLUSIONS

The most important property of a ceramic as regards it treatment with
microwave energy is its effective loss factor. Essentially the ceramic will
absorb microwave energy if it contains polar or ionic components in its
structure. It can also sometimes be advantageous to add selective agents
which have an affinity to microwave energy, enabling these to heat
preferentially and to transfer this energy to the bulk of the low loss

ceramic material by conduction.

How readily a ceramic absorbs the available microwave energy depends on
the value of the effective loss factor. A simple rule of thumb suggests that
in the range 0.05 < e; < 1 the ceramic material should heat up with little
difficulty, provided there is no tendency of a thermal runaway situation
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developing.

Below eg = 0.01 the ceramic starts to become a low loss dielectric and
as such requires either special applicators to ensure that the electric field
set within it is very high, since the power dissipation is proportionalto
e;EZ, or the use of susceptors. Single mode resonant cavities will give the
required high electric fields, however the cavity with the material inserted
in it will have a very high Q-factor and that in itself may present
difficulties in coupling effectively the energy into it from the microwave
source and circulator.

Conversely, effective loss factors much larger than unity may present
severe non uniformity of heating in that power penetration depths will be
relatively small and so the dimensions of the ceramic to be treated become
critical. It must be stressed, however, that irrespective of the value of
the effective loss factor, careful consideration must be given in alil
potential applications to the type of applicator so that its design is
tailored to the particular ceramic to be treated.

The use of microwave energy within ceramic processing is now extremely
diverse. Ultimately, the deciding factor for microwave processing will be
the economics of the situation. A number of studies have been performed in

(44,88-90) and conflicting results have been obtained. One of the

this area
key reasons for the uncertainty is that a high number of initial assumptions
have to be made in the current absence of suitable data. Nevertheless, it
does seem to be indicated that the use of microwaves for both drying and slip
casting may result in financial advantage over conventional processing. This
arises largely from increases in productivity, though improved yields can

also make a useful contribution.

For sintering, joining and other such applications financial benefit
appears to be less guarenteed. It appears that each potential application
will need a thorough economic analysis; however, it is suggested that this
should be attempted only after the technology has been developed further.
It is the authors' view that the major advantage for the use of microwaves
in many such operations will have to come from processing benefits; that is,
the ability to fabricate materials with properties not previously obtainable.
Systems in which conventional processing is difficult, such as the non-
oxides, composites and certain electro-ceramics, would therefore appear to
offer the greatest opportunities. A further benefit to be gained here is
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that these materials generally have relatively high dielectric losses.

It is difficult to forecast a realistic timescale for the commercial
development of microwave assisted processing techniques. Some, such as
drying, are already in operation in a number of countries, whilst other
processes, such as slip casting, are expected to have been commercialised to
a greater or lesser extent by the early 1990's. For the other applications,
considerably more research and development is still required; however, given
the interest currently being shown, progress is expected to be rapid.
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1. INTRODUCTION

Ceramic materials, depending on their electrical conductivity, can be
broadly classified as metallic and non-metallic. The metallic ceramics
primarily comprise the compounds of transition metals with the elements of
group III, IV and V of the periodic table, e.g.boron, carbon, silicon and
nitrogen, thus constituting the borides, carbides, silicides and nitrides.
The metallic character in these systems arises because of the intermixing
between s-p electrons of the non-metals and d electrons of the transition
metal. Apart from their high electrical conductivity, this class of ceramics
is also characterized by high melting point, extreme hardness and relative
immunity to chemical corrosion and oxidation. Furthermore, their relatively
close packed structure makes them less susceptible to diffusion of foreign
atoms through them. A combination of these properties have made this class
of materials very useful in a variety of structural and electronic

applications.

The other class of ceramics consists of the oxides of various elements
and the compounds 1involving two elements whose electronic character is
decided by s-p electrons only. Excluding some transition metal oxides, most

of these compounds are electrically insulating. The predominantly insulating

369
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character arises from the strong chemical bonding between the constituents
and the mixed ionic-covalent character of the bonds. The wide band gap
resulting from such bonding provides these materials their characteristic
transparency in the visible and near UV regions of the electromagnetic
spectrum. The wide band gap can be modulated via a controlled introduction
of non-stoichiometry or dopants. This permits the creation of a variety of
ceramic systems with tailored electrical, magnetic and optical responses.
Another cluster of properties resulting from the unique bonding character in
these materials consists of a very high values for strength, stiffness,

melting point and corrosion resistance.

Considering the immense technological potential emanating from the above
mentioned properties of ceramics, the past decade has witnessed a
considerable scientific and industrial interest in the area of developing
thin film/coating deposition techniques for these materials. The large
number of coating techniques which exist today and the newer ones in the
making, have resulted essentially because of the capability of deposition
processes to modulate/tailor a specific property of the material and secondly
due to the diversity of applications requiring film thickness ranging from
a few nanometres or less to several millimeters. For idinstance, the
deposition process (e.g. plasma spraying) for a thick (300 - 400 um) thermal
barrier coating for a high temperature turbine application, where good
adhesion and poor thermal conductivity are the only requirements, can not be
used to deposit the gate dielectric of a Metal-Insulator-Semiconductor Field
Effect Transistor (MISFET), where extreme dimensionality and a finely tuned
electronic defect structure are important.

A1l coating methods however, consist of three basic steps; synthesis or
generation of the coating species or the precursors at the source; transport
from the source to the substrate and nucleation and growth of the coating at
the substrate. These steps can be completely independent of each other or
may be superimposed on each other depending on the coating process. A
process in which the steps can be varied independently offers greater
flexibility and a large variety of material with tailored properties can be
deposited.

Numerous schemes can be devised to classify deposition processes. The
scheme used here is based on the dimensions of the depositing species, i.e.
atoms and molecules, 1liquid droplets, atomic clusters or use of surface
modification processes. The four major classes of coating processes are



Atomistic deposition

Particulate depostion

Bulk coatings

Surface modification

electrolytic environment
electroplating
electroless plating
fused-salt electrolysis
chemical displacement
vacuum environment
vacuum evaporation
ion-beam deposition
molecular-beam epitaxy
plasma environment
sputter deposition
activated reactive evaporation
plasma polymerization
ion plating
chemical-vapor environment
chemical-vapor deposition
reduction
decomposition
plasma enhanced
spray pyrolysis

thermal spraying
plasma-spraying
D-gun
flame-spraying

fusion coatings
thick-film ink
enameling
electrophoretic

impact plating

wetting processes

painting

dip coating
electrostatic spraying

printing

spin coating
cladding

explosive

roll bonding
overlaying
weld-coating
liquid-phase epitaxy

chemical conversion
electrolytic

anodization (oxides)

fused salts
chemical-liquid
chemical-vapour
thermal
plasma
leaching
mechanical
shot peening
thermal
surface enrichment
diffusion from bulk
sputtering
ion implantation

Table 1: Coating methods
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listed in Table 1.(1) The ceramic coatings/films used in electronic,
optical, photonic and magnetic device applications are primarily deposited
by the atomistic processes which have the flexibility to deposit films of
nano-dimensions with a precisely controlled electronic and atomic structure.
In applications involving wear and corrosion protection, structural
applications, thermal barrier coatings, oxidation and corrosion protection
coatings, etc. where the coating thickness may vary from a few microns to
several thousand microns, the choice of a deposition process 1is mostly
decided by the economics and the degree of preformance anticipated from the
coating. The emphasis of this chapter is on highlighting the important
features of the atomistic deposition processes which play a dominant role in
deciding the performance of ceramic thin films/coatings.

2. ATOMISTIC DEPOSITION PROCESSES

Figure 1 shows the family tree of the atomistic deposition processes.
These are classified into two groups known as Physical Vapor Deposition (PVD)
and Chemical Vapor Deposition (CVD) techniques as described in the following

sections.

2.1 Physical Vapor Deposition (PVD) Processes

The PVD processes comprise the class of deposition techniques in which
one or all constituents of the deposit are generated from a solid source by
heat induced vaporization or momentum transfer processes. These two
mechanisms thus lead to "Evaporation" and "Sputtering" being the two
fundamental PVD processes.

2.1.1 Evaporation Processes

The evaporation of a material in vacuum requires a vapor source to
support the evaporant and to supply the heat of vaporization while
maintaining the material at a temperature sufficiently high to produce the
desired vapor pressure(z). The temperature can be obtained by resistive
heating of the vapor source, a crucible or a hearth of a suitably chosen
material, or by directly heating the evaporant using a laser or electron
beam. For the deposition of multicomponent systems such as alloys,
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Atomistic Deposition Processes
Physical Vapor Deposition Chemical Vapor Deposition
(PVD) (CVD)
l Thermal
l l Plasma Assisted
Evaporation Sputtering Photo Assisted
Direct Direct
. . Spray Pyrolysis
Reactive Reactive
Activated Reactive lon Beam Sputtering

Figure 1: Family tree of atomistic-deposition processes.

intermetallic compounds and ceramics, a single source direct evaporation or
the use of multiple sources for each of the constituents may be made. The
direct evaporation process is extensively used for metals and elemental
semiconductors. In the case of ceramic materials however, the evaporation
occurs with the dissociation of the compound into fragments. Very few
systems such as Si0O, MgF,, 8203. CaF2 and other group IV divalent oxides
evaporate without any dissociation. The stoichiometry of the deposit in such
a situation depends on the ratio of various molecular fragments striking the
substrate, the sticking coefficient of the fragments (which may be a strong
function of the substrate temperature) and the reaction rate of the fragments
on the substrate to reconstitute the compound. In the case of ceramic
systems, where one of the constituents is a gas in its elemental form, the
films are generally deficient in the gaseous constituent. For example,
direct evaporation of A’|203 results in a deposit deficient in oxygen. The
imbalance of stoichiometry occurs to a lesser degree in ceramic systems where
all the constituents are solids with nearly the same vapor pressure in their

elemental forms. The direct evaporation process, using electron beam or
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thermal evaporation techniques, has been successfully used in the case of
transition metal carbides, silicides and bor'ides(z_”. The slight variation
in the stoichiometry of the coatings of such systems deposited by a single
source evaporation can be avoided if a multi-source evaporation technique is
used. A schematic diagram of a two source evaporation process is shown in
Figure 2. This technique is used quite extensively for the deposition of
transition metal si'licides(s) and sulphides and selenides of group II
elements (Zn and Cd)(s). The molecular beam epitaxy (MBE) techn'ique(7),
which is used extensively for depositing epitaxial silicides, III-V and
II-IV-VI compound semiconductors is also a multi-source thermal evaporation

process.

2.71.1.1 Reactive Evaporation: The reactive evaporation process is used to
compensate for the loss of the gaseous constituents of a ceramic during its
direct evaporation. Thus, for example, stoichiometric A'|203 films can be
deposited by direct evaporation of A'|203 in an atmosphere of oxygen.
However, due to the high melting point and the extreme reactivity of ceramic
melts it is generally difficult to evaporate ceramic materials. To avoid

Substrate

shield 7\ /
A

Sources

Figure 2: Two source evaporation arrangement yielding variable film
composition (72).
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these problems, the reactive evaporation process is commonly used in a mode
where the metallic constituent of the ceramic is evaporated in a partial
pressure of the reactive gas to form a compound in the gas phase or on the
substrate as a result of a reaction between the metal vapor and the gas
atoms, e.g.:

2A1 + 3/20, » A1,04

The reactive evaporation method has been used to synthesize films of Sn02,(8)
9 10 1) o 12 13 14) 1.n (15)
SnIn0g, (9 1n,04,€10) A1,04, (1) 530, (12) Cu_Mog0g, (13) v,04,(14) 0

and more recently of YBa20u307_x type perovskite super‘conducbor‘s(-'6'.I ).

Since the reactive gas in the 'RE' process is in a molecular state and
thus less likely to react with the vapor species, the formation of a well
crystallized stoichiometric film requires high thermal activation at the
substrate. This problem becomes acute in situations where the reactive gas
consists of more than one element. The typical examples are S'iH4 and CH4
C2H2 for the formation of silicides and carbides respectively. The concept
of electron impact donization and excitation of the reactive gas in the
substrate-source space, as introduced by Bunshah and Raghuram“a) solved this
problem. The ionization and excitation of the gas activates the compound
forming reactions and the compound films can be synthesized at a much lower
substrate temperature. This process 1is known as Activated Reactive
Evaporation (ARE).

2.1.1.2 Activated Reactive Evaporation: In this process the metal is heated
and melted by a high acceleration voltage electron beam. The continuous
electron bombardment of the molten material leads to ionizing collisions in
the vicinity of the pool, and thus creation of a thin plasma of the metal
vapors. The low energy secondary electrons forming the plasma sheath are
pulled upwards into the reaction zone by an interspace electrode placed above
the pool and biased to a Tow positive d.c. or a.c. potential (20 to 100V).
The low energy electrons have a high ionization cross section, thus ionizing

or activating the metal and gas atoms.

In addition, collisions between ions and neutral atoms results in charge
exchange processes yielding energetic neutrals and positive ions. It is
believed that these energetic neutrals condensing on the substrate along with
the ions and other neutral atoms "activate" the reaction, thus increasing the
reaction probability between the reactants. A schematic of the Activated
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Reactive Evaporation process is shown in Figure 3.

The synthesis of TiC by reaction of Ti metal vapor and C2H2 gas atoms
with a carbon/metal ratio approaching unity was achieved with this
pr'ocess“a). Moreover, by varying the partial pressure of either reactant,
the carbon/metal ratio of carbides could be varied at will. The ARE process
has also been recently applied to the synthesis of all the five different
Ti-0 oxides(19). The authors noted that in the ARE process (i.e. with a
plasma) as compared to the RE process (i.e. without a plasma) a higher oxide
formed for the same partial pressure of 02 thus demonstrating a better
utilization of the gas in the presence of a plasma. The same observation was

noticed by Granier and Besson for the deposition of n'itr'ides(zo).

A variation of the ARE process using a resistance heated source instead
of the electron beam heated source has been developed by Nath and Bunshah(m)
and is particularly useful for evaporation of low melting metals such as
indium and tin where electron beam heating can cause splattering of the
molten pool. The plasma is generated by low energy electrons from a

Etectrode

/ Plasma
Reactive

gas
injection AL

Power

Coating flux supply

Pressure 5
barrier l ' D

N Electron-beam

i

evaporator
ll. .|ll Vacuum
chamber
Vacuum
pumps

Figure 3: Schematic of the Activated Reactive Evaporation Process (72).
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thermionically heated filament and pulled into the reaction zone by an
electrical field perpendicular to the evaporation axis. The ionization
probability is further enhanced by a superimposed magnetic field which causes
the electrons to go into a spiral path. This process has been used to
deposit indium oxide and indium tin oxide transparent conducting films. The
ARE process has several other variations, as shown in Figure 4.

1. If the substrate is biased in the ARE process, it is called the 'biased
activated reactive evaporation process' (BARE). The bias is usually
negative to attract the positive jons in the plasma. The BARE process

has been reinvented and called Reactive Ion Plating by Kobayasi and
Doi{22),

2. 'Enhanced ARE' is the conventional ARE process using electron beam
heating but with the addition of a thermionic electron emitter (e.g. a
tungsten filament) for the deposition of refractory compounds at Tower
deposition rates as compared to the basic ARE process. The low energy
electrons from the filament sustain the discharge.

3. Using electron beam evaporation sources, the electric field may be
generated by biasing the substrate positively instead of using a
positively biased interspace electrode. In this case, the technique is
called 'low pressure plasma deposition' (LPPD)(23). However, this
version has a disadvantage over the basic ARE process in that there is
no freedom of choice concerning grounding the substrate, letting it
float or biasing it negatively as in the BARE process.

4, A plasma electron beam gun, instead of the thermionic electron beam gun,
can be used to carry out the ARE process. The hot hollow cathode gun has
been used by Komiya et a'l.(24) to deposit TiC films whereas Zega et
a’l.(25) used a cold cathode discharge electron beam gun to deposit
titanium nitride films. A plasma assisted deposition process designated
'RF reactive Ion Plating' was developed and used by Mura_yama(zs) to
deposit thin films of In203, TiN and TaN. A resistance or electron beam
heated evaporation source 1is used and the plasma 1is generated by
inserting an RF coil electrode of aluminum wire in the region between

the evaporation source and substrate.

The ARE process has also been used in a dissociative mode where instead
of using an elemental evaporation source one uses a low melting compound of
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the elements. For example cubic boron nitride films can be deposited by

evaporating boric acid in an ammonia p1asma(27).

The reader is referred to a recent review of the ARE process by R.F.
Bunshah and C.V. Deshpandey. (Physics of Thin Films Vol. 13, 1987, p 59 -
Academic Press) as well as for a list of ceramic compounds deposited by this
method and their applications.

2.1.1.3 Ion Plating Processes: The beneficial aspects of ion bombardment on
the growth and adhesion of thin films are also realized in the Ion Plating
Process introduced by Mattox(ee). This process differs from ARE in the sense
that the plasma is created by applying a heavy negative bias on the substrate
instead of using a positively biased probe adjacent to the evaporation
sources as in ARE. In a simple diode ion plating process, the plasma cannot
be supported at pressures lower than about 1.3 Pa. The higher partial
pressures required to sustain a plésma. on the other hand, may lead to porous
deposits. Therefore, an auxillary electrode adjusted to a positive low
voltage, as originally conceived in ARE process, is used to initiate and

sustain the plasma (Figure 5).

WORKING
GAS
a
4 F
T r GROUND
E. S— SHEELD
SUBSTRATE
Y S/ HOLDER

PLASMA 2 5 SUBSTRATE(S)
R
/ %ommc Hux CATHODE
MOV ABLE 7 DARK POWER
SHUTTER 2 SPACE suPPLY
PRESSURE
BARRIER -i_

ELECTRON BEAM
EVAPORATOR
(SEE FIG.1}

b
VACUUM

VACQUUM CHAMBER
PUMPS

Figure 5: Ion Plating Process (72).
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In order to understand the effects of don bombardment on the
microstructure and growth morphology of the films, it is necessary to discuss
the kinetics of condensation in some detail. The process of condensation of
vapor species on the substrate is a strong function of their energy and the
temperature of the substrate. If the energy of the condensate or the
substrate temperature, or both, are high, the condensing atoms (adatoms)
take time to thermalize on the substrate. The higher thermalization time
allows growth of a crystallographically ordered structure. The critical time
and energy required for the formation of a crystalline deposit is a strong
function of the chemical nature of the adatoms and the crystallographic
symmetry of the structure to be deposited. Metals with high symmetry
structures (like fcc) always condense in a crystalline phase even at
temperatures as low as 4.2K. Covalently bonded, low symmetry structures, on
the other hand, condense in amorphous forms. This problem is prevalent in
ceramics because of the geometrical constraints of their bonding and their
Tow symmetry structures. The mobility of the adatoms can be <increased by
subjecting the growing film to energetic ion bombardment. The biased ARE is
a typical case where the film properties are improved by ion bombardment.

The capability of thermal evaporation processes to allow high deposition
rate and the beneficial effects of ion bombardment have also been merged
together in the Ionized Cluster Beam Deposition (ICBM) prooess(zg). The
principle of ICBD is shown in Figure 6. Clusters of atoms are created by
condensation of supersaturated vapor atoms produced by adiabatic expansion
thorough a small nozzle into a high vacuum region. The clusters are then
ionized with the help of electron bombardment and accelerated by a voltage
applied between the regions of donization and the substrate. Ceramic
coatings can be made by introducing reactive gases in the chamber.

2.1.2 Sputter Deposition Processes

The basic sputter deposition process involves removal of atoms from the
surface of a solid or liquid by energetic ion bombardment and collection of
the sputtered species on a solid surface. The basic principle of the
sputtering process is shown in Figure 7. A target, consisting of the
material to be deposited, is held at a negative potential ranging from a few
hundred volts to a few kilovolts. For a critical value of the chamber
presure {1 x 10'3 Torr to -1 Torr), the application of the voltage strikes
a discharge in the vicinity of the target. The target, because of its
negative potential, s bombarded by the ions present in the plasma. The
discharge 1is sustained by the stochastic dionization of the gas
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atoms/molecules by the secondary electrons emanating from the target. In
situations when the gas ijons are sufficiently heavy, the bombardment of the
target leads to sputtering of the target surface by a momentum transfer
process. Argon, because of its higher atomic number and non-reactivity, is
the commonly used sputtering gas. Since the sputtering rate is directly
dependent on the number of ions striking the target, its magnitude can be
increased by increasing the ion density in the vicinity of the target. The
higher ion densities are realized by application of magnetic fields. This
modification of the sputtering process is known as magnetron sputtering. If
the target material is electrically conducting, a d.c. voltage can be used
for sputtering. In the case of insulating targets an RF potential must be
applied.

2.1.2.1 Reactive Sputtering Process: The d.c. magnetron sputtering technique
has been successfully used to deposit films of transition metal silicides and
borides by using a composite ceramic target(30'31). As in the case of
evaporation, however, sputtering also leads to the dissociation of the target
material into atoms and molecular fragments and results in the deficiency of
the gaseous constituents of the material. The problem of off-stoichiometry
can be eliminated if one adds the constituent gas in the plasma along with

the argon. This modification of the process is called reactive sputtering.

Although a single ceramic target RF or d.c. reactive magnetron
sputtering has been used to deposit films of a large class of ceramic
materials (Table 2), it essentially suffers from the following disadvantages:

1. The poor thermal conductivity of ceramics does not allow an effective
cooling of the target during sputtering, which results in local hot
spots and consequent spitting of the material and the formation of
particulates in the films. The ceramic targets also develop massive

cracks after prolonged usage.

2. In the case of multicomponent targets, such as those used for deposition
of high-T, oxide superconductors and "tungsten bronzes", the
preferential sputtering of one of the components leads to off-
stoichiometry in the fiilms. The variation in the film composition can

be seen in the case of LaxSr1_ Cu0, superconducting system (Figure
8)(32),

The problems associated with ceramic targets can be eliminated by
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Ceramic Sputtering Target Gases Representative

Material System Type References

AIN RF Planar AN Ar + Ny 84

BN rtowonm BN Ar + Ny 85

SiqNy rTonom SigNy Ar + N, 86

SiC and " nov SiC Ar + N, 87,88

a-81,Cq_,:H

Iny04 rowon In203 Ar/02 89,90

Sn02 " n " Sno2 n " " 91 _93

Zno " " " Zno n n "n 94_96

Y203 ” ” "t Y203 CeY‘am‘i c " ” " 97

Ti0, oo Ti0, ceramic romron 98

Tazos " 1" " Tazos " " " 99

LYPIO wonoom Sapphire towon 100-102

S102 n n ” Qual"tz " " " 1 03

Pb(ZrT1)04 wonron Pb(ZrT1)04 100% 0, 104
ceramic

BaT1i04 wonrom BaTiO3 Ar/02 (80/20) 105
ceramic

YBaZCu307 DC Magnetron YBaZCu307 Ar 106,107
ceramic

LaxSrOxCu04 60 Hz AC LaxSrOxCuO4 Ar 32

Table 2: Ceramic films prepared by reactive sputtering of a compound target.
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Ceramic Sputtering Target Gases Representative
material System Type References
AIN RF Planar Aluminium Ar/NZ 108, 109
GaN " " " Gallium """ 110
S*i3N4 DC Planar Silicon Ar/NZ/Hz 111,112
SiC RF Planar Silicon Ar + CH4 113
$1,Cq_ oo Silicon + Hy + Ar 114
Graphite
In04 DC Planar Indium Ar/02 115
Sn02 " " " Tin " " " 116,117
Zno " " n Z_i ne ” " n 1 18
Ti0,, Ta203 "nowon Titanium romron 40
Refractory Tonron Refractory Ar/SiH4 45
Silicides Metals
A1203 RF Planar Aluminium Ar/02 119
Refractory DC Planar Refractory Ar/C2H2 120
Nitrides Metals
Reff‘aCtOl"y " " " ” ”n " " " " 120
Carbides
YBa,Cu0, RF Planar Y, Ba and Cu Ar/02 121,122
Metals

Table 3: Ceramic films prepared by reactive sputtering of elemental targets.
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sputtering the constituent metal or metals in a reactive sputtering mode.
Table 3 summarizes important ceramic compounds deposited by reactive
sputtering. The reactive sputtering of metals, particularly in oxygen
environments, suffers from a major problem which is commonly known as target

poisoning as discussed below.

When a reactive gas is introduced during the sputtering of metals it is
observed that as the flow rate is increased the deposition rate decreases by
a factor of three or more, at a particular flow rate termed the critical flow
rate fc. The critical flow rate is a function of power to the target,
pressure and target size. The relationship between the film properties and
gas injection rate is generally non-linear and it is believed to be due to
a complex dependence of the stricking coefficient on the growth rate,
composition, structure and temperature of the growing film. A typical
dependence of discharge voltage and deposition rate on gas flow rate is shown
in Figure 9. The hysteresis effect for the discharge voltage is attributed
to the process of formation and removal of a compound layer on the target
surface. A similar hysteresis behavior is also observed for the deposition
rate, system pressure and RF negative bias (in case of RF sputtering).

It can be seen from the above discussion that target-gas plasma
interaction during reactive sputtering leads to the formation of a compound
Tayer on the target which is termed as target poisoning. Numerous papers

have been published illustrating target poisoning in reactive sputtering(33'

39)

In recent years, many different approaches have been proposed to get
around the problem of target poisoning (see Figure 10). Schiller et a'l.(40)
have proposed a technique which initially involved maintaining a gradient in
the composition of the reactive gas by injecting argon near the target and
oxygen near the substrate as well as by arranging additional gettering
surfaces in the chamber to maintain a gradient in composition of the reactive
gas. They have reported deposition rates as high as 1.05 um m'in'1 for Ta205
and about 0.68 um min~! for TiOz using this technique at a source-to-
substrate distance of 5 cm. HWestwood et a1.(41) have proposed the use of
geometric baffles to maintain a pressure differential between the substrate
and target to avoid target poisoning. Scherer and wirz(42) have used similar
techniques to produce metal oxide films at high deposition rates. They also
introduce a positively biased anode near the substrate to intensify the
plasma adjacent to the substrate and increase the reactivity at the
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Figure 10: Some techniques used to avoid target poisoning (34).

substrate. Sprou1(43) provided an alternative approach which initially
involved pulsing a gas in a controlled manner into the deposition system
during magnetron sputtering of metals thus giving a chance for the target to
be "depoisoned" during the off-period of the reactive gas injection cycle.
In a later development, deposition of compound film was achieved by
Sprou1(44) without pulsing the gas using on-1ine mass spectroscopic analysis
of the gas phase with feed-back control. The operating point for this
process is just below point B in Figure 9. Sproul has reported sputter
deposition rates equal to those of the corresponding metal by totally
avoiding target poisoning.

A major modification of the reactive sputtering process has been
introduced by Budhani et a1.(45) for deposition of transition metal silicide
films. The technique involves d.c. magnetron sputtering of the metal of
interest in a silane diluted argon plasma. Unlike the sputtering from a
composite target, the process allows deposition of the silicides over a wide
range of composition. This method differs from the conventional reactive
sputtering in the sense that one of the products of dissociation of the gas

is a solid.
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In situations where the interaction of the plasma with the growing film
may have adverse effects on film properties and where in situ analysis of the
growth are required, the direct sputtering methods have limitations. These
plasma related problems can be avoided by using ion beam sputtering
techniques as described in the following section.

2.1.2.2 Ion Beam Sputtering: In the basic ion beam sputtering process, an
energetically well characterized beam of inert gas ions, generated from an
ion source, bombards the target to be sputtered. In the case of electrically
insulating targets, neutral beams are used. The sputtered species are
deposited on a substrate which are situated in a relatively high vacuum.
If a metal target is used for the growth of a ceramic film, the reactive gas
can be introduced directly in the discharge chamber of the ion gun or a

separate gun may be used(46)

as shown in Figure 11. Table 4 lists the
ceramic systems that have successfully been deposited using ion beam and

reactive ion beam deposition techniques.

2.1.2.3 Laser Assisted Vapor Deposition Processes: A variant of the

evaporation process which has recently been dintroduced for deposition of

(139)

superconducting and diamond or diamond 1ike carbon ‘F'i'|ms(140) is the use
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Figure 11: Dual ion beam system for thin film deposition under controlled
ion bombardment (75).
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Ceramic Beam Energy Target Gases Representative
Compound (KeV) Material References
AN Dual Beam Aluminium Ar and N2 46
Art(1.5), (separately)
N,*(0,8)
Single Beam Aluminium Ny + Hy 123,124
(0.8 2.0)
BN Ion Source of No Target B3N3Hg 125
B3N3Hg
SiaN art + N Silicon Ar + N 126
34 (0.5) 2 2
a-SiN,__:H  Aart + NT Silicon Ar + Ny + H, 127,128
x1-x (1.070.8) 27
A1OXN Ar and N Aluminium Ar + N, + 02 129
y Neutral Beam Teak
S'iOxNy Ar and O Silicon Ar + 02 130
Neutral Beam
Iny(Sn)0g Art (0.5) In/Sn alloy  Ar + 0, 131,132
Sn02 art () Tin Ar + 0, 133
A1,04 Art (1.0) Aluminium Ar + 0, 134
Re;ractor
Y
Oxides
Y203 art (O Refractory Ar + 0y 135
T106 Metal
Ta2 5
Refractory x*t+ Nt Nb X, +N 136
Nitrides (7.5) 2 e e
(NbN)
Lead art (2.0) Pb, Zr, Ti Ar + 0, 137
zirconium Oxide Ceramic
titanate
(PZT)
YBayCuq0y Art (1.8) YBa cuag7 _ Ar+0, 138
Oxide Ceramic

Table 4: Ceramic films prepared by reactive ion

beam sputtering.
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of a laser as a heat source for evaporation. The evaporation target is
either a ceramic compound or metal when the process is used in the reactive
mode. The process also employs as a variant a positively-based ARE type
electrode above the target to generate a plasma for reactive deposition.
Photonic excitation of a plasma is also believed to be an asset for reactive
deposition. The small area of the deposited film is one of the current

Timitations of the process.

2.2 Chemical Vapor Deposition Processes

The constituents of the precursors for most of the ceramics exist in the
form of heavy molecular gases or volatile liquids such as halides, hydrides,
organo-metallics, hydrocarbons and ammonia complexes, which can be
dissociated into highly reactive fragments by providing photon, electron or
thermal excitation. These fragments can easily react with the second
component of the desired ceramic and form a solid product. Most of the
chemical vapor deposition processes work on this basic principle. They are
known as Thermally Assisted CVD, Plasma Assisted CVD and Photo CVD for

thermal, electron and photon excitation respectively.

2.2.1 Thermally Assisted Chemical Vapor Deposition Processes

The principle of the thermal dissociation process or conventional CVD,
as shown in Figure 12, requires substrate temperatures in excess of 600°C in
most cases for any significant deposition to occur(47). The high substrate
temperatures have both advantages and adverse effects on the properties of
the films. The higher substrate temperature promotes the growth of a dense
and well crystallized structure with the minimum of impurities trapped in.
Also, since the dissociation reactions occur on the surface of the substrate
itself, the conventional CVD process does not have the 1line of sight
limitation of the PVD processes. With CVD, all parts of an dirregularly
shaped substrate are coated uniformily provided the temperature and gas flow
conditions are the same everywhere. A wide class of oxides, borides,
silicides, nitrides and carbides have been deposited by the conventional
thermal CVD process. Some important CVD reactions for the deposition of
ceramics are listed below:

Si(CH3)C15(g) » SiC(s) + 3HC1(g)

SiCl,(g) + CHy » SiC(s) + 4HC1(g)



Thin Film Deposition Processes 391

REACTOR
Reactants —_ - — — — Reaction
> DN > >
products
Coating Substrate

Figure 12: The principle of chemical vapour deposition.

3SiH4(g) + 4NH3(g) > Si3N4(s) + 12H2
SiH4(g) + 2H20(g) > SiOz(s) + 4H,
2A1CT3(g) + 3C0,(g) + 3Hy(g) » A1,04(s) + 3C0(g) +6HCI(g)
2A1(CH3)3(g) + 90,(g) » A1,03(s) + 6CO(g) + 9H,0(g)
A1(CHq)4(g) + NH3(g) » AIN(s) + 3CHy(g)

BC13(g) + NH3(g) 2+ BN(s) + 3HCl(q)

SnC14(g) + Oz(g) > Sn02(s) +2C1,
The higher deposition temperatures required in a CVD process have
adverse effects 1in situations where the substrate 1is susceptible to

temperature induced irreversible structural/electrical changes. This type

of problem is encountered most frequently while depositing dielectric
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coatings on previously processed electronic devices/substrates. However, low
temperature chemical vapor deposition of ceramic coatings can be realized
by plasma or photon assisted chemical vapor deposition processes.

2.2.2 Plasma Assisted Chemical Vapor Deposition

The basic design of a plasma CVD reactor is shown in Figure 13. It
essentially consists of two parallel plates one of which is connected to a
d.c. or RF power supply. RF is preferred in situations when the film is
insulating. If the gas pressure in the chamber is properly adjusted, a glow
discharge can be created between the two plates. At low frequencies, (low
KHz range), some degree of secondary electron emission is necessary from the
electrodes in order to maintain the discharge. At higher frequencies, enough
electrons gain energy to ionize the molecules in the gas to maintain the

(48)_

discharge without secondary emission Electron energy is lost through

momentum transfer, vibrational excitations, dissociation and ionization

processes in decreasing order49.

One of the most common examples of the PACVD processes is the growth of
silicon nitride by using a mixture of SiH4 and NH3 gases. For this
particular case, the electron impact dissociation of silane and ammonia leads

Radial—-flow
generator

N,

Radial—flow
plate
{cathode)

M=)
I (I

SO SSSNANNN

ALY
-
—

? Source gas

———————
Vacuum

Figure 13: Schematic representation of a radial flow parallel plate plasma
CVD reactor (48).
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to the following fragments:
S1'H4 + e  » SiH, SiH2. SiH3. Si, H, + e
NH3 + e - NH,, HN, N, H, + e

The reaction between the nitrogen and hydrogen containing species in
the plasma results in a solid deposit which is commonly written as a -
SixN1_x:H. The physical properties (electrical conductivity, optical
absorption, refractive index), Si/N ratio and the stress state of the plasma
CVD silicon nitride are highly sensitive to the amount of bonded hydrogen in
the material and the degree of jon bombardment during the film growth. These
effects have been studied by Budhani et a]'(50-52) and several other

(53-55)_

workers Apart from silicon nitride, plasma assisted CVD technique

has been used to deposit a wide range of other ceramic materials.

In order to avoid the ion bombardment of the growing film in a parallel
plate PACVD process, Lucovsky et a1.(55) have introduced a modification in
which the substrates are placed away from the plasma. The technique is known
as Remote PACVD.

2.2.3 Photo CVD

A relatively new entry in the field of CVD processes is Photo CVD. In
this case the CVD precursors are dissociated by a high energy photon flux
incident from an ultraviolet lamp or a high frequency 1aser(56'57). The
Photo CVD processes are particularly important from the standpoint of
avoiding any ion bombardment of the growing film which invariably occurs in
the case of Plasma CVD processes. The Laser CVD also allows the deposition
of films with fine 1ine resolution. The main draw back of this process is
the poor dissociation efficiency of the precursors and hence the lower

deposition rates.

2.2.4 Spray Pyrolysis

Spray pyrolysis involves the spraying of a solution, usually aqueous,
containing soluble salts of the constituent atoms of the desired compounds,
onto heated substrates. A typical example of the spray pyrolysis process
is deposition of tin oxide films by thermal dissociation of an alcoholic

(58). Whether or not the process can be classified as CVD

solution of SnC14
depends on whether the 1iquid droplets vaporize before reaching the substrate

or react on it after splashing. Several workers have used preheating
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(temperature about 200-500°C) of the sprayed droplets to ensure vaporization
of the reactants before they undergo a heterogeneous reaction at the
substrate(59'63). The technique is very simple and is adaptable for mass
production of large-area coatings for industrial applications. Various
geometries of the spray set-ups are employed, including an dinverted
arrangement in which Jlarger droplets and gas phase precipitates are
discouraged from reaching the substrate, resulting in films of better
quality. This technique has been used extensively to deposit films of
Zn0(64'65). In203(66'67), Sn02(68,69)' CdS(70), A'|203(71) and other ceramic

systems.

3. MICROSTRUCTURE AND CRYSTALLINITY OF THE DEPOSITS

The microstructure and the degree of crystallinity in the films
deposited by physical and chemical vapor deposition processes and their
plasma and photonic modifications depend on several factors. The important
ones are the nature of the chemical bonding in the material to be deposited,
the substrate temperature, the crystallographic nature of the substrate with
respect to the structure of the material to be deposited, vacuum conditions,
impurities present in the deposition environment, deposition rate and the
extent of electron and ion bombardment of the growing film.

As stated 1in previous sections, due to the geometrical constraints
imposed by bonding and complex crystal structures, most of the ceramic
systems condense into an amorphous phase when deposited on unheated
substrates. This tendency is promoted further by the presence of gaseous
impurities 1in the deposition environment. It is generally observed that
deposition of crystalline films of a particular ceramic by CVD requires
higher substrate temperatures as compared to PVD processes. The reason being
the presence of gaseous by-products of dissociation in the deposition

environment.

Requirements on the extent of crystallinity in a film/coating is decided
by the application involved. In uses where the broad structural
inhomogeneties such as grain boundaries, dislocations, stacking faults and
other high energy sites in the material may have deleterious effects,
amorphous coatings are preferred. Some typical examples where amorphous
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coatings/films perform better are corrosion resistance applications,
implantation and passivation applications 1in microelectronics, decorative
applications and optical coatings. Materials such as silicon nitride,
silicon dioxide, boron nitride, aluminum nitride, magnesium fluoride and tin

oxide are most frequently used in these applications.

In situations where the performance is dependent on the uniqueness of
the crystal structure of the material, such as the metal-insulator transition
in vanadium oxide, acousto-optic and acoustic-electric responses of AIN, Zn0,
PZT, BaTiO3 and SrTiO3. superconducting properties of copper oxide based
perovskites, A-15 silicides, and NbN, wide band gap and dopability of SiC,
transistor action in Si/N-iS-iz(CoSiz)/Si epitaxial layers etc., it is
important to optimize the deposition conditions for the growth of a well
crystallized film.

Although the use of ceramic coatings in metallurgical applications
(wear and tribology, heat resistant coatings, aerospace structural
applications) does not put a stringent demand on the degree of crystallinity
in the material, a well crystallized and structurally dense coating always
gives better perfonnance(1'72). The evolution of microstructural features
in metallurgical coatings can be well described in the framework of a

structural model proposed by Movchan and Demchish'in(73).

The microstructure and morphology of thick single phase films have been
extensively studied for a wide variety of metals, alloys and refractory
compounds. The structural model was first proposed by Movchan and
Demch'ish'in(73). Figure 14 was subsequently modified by Thornton(74) (Figure
15). Movchan and Demchishin's diagram was arrived at from their studies on
deposits of pure metals and did not include the transition zone of Thornton's
model, Zone T. This is not prominent in pure metals or single phase alloy
deposits but becomes quite pronounced in deposits of refractory compounds or
complex alloys produced by evaporation and in all types of deposits produced
in the presence of partial pressure of dinert or reactive gas, as in
sputtering or ARE type processes.

The evolution of the structural morphology is as follows: at low
temperatures, the surface mobility of the adatoms is reduced and the
structure grows as tapered crystallites from a limited number of nuclei. It
is not a fully dense structure but contains longitudinal porosity of the
order of a few tens of nanometres width between the tapered crystallites.
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Zone 1 Zone 2 Zone 3
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Temperature ————— 3.
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Zone 1 Zone 2 Zone 3
Metals <0371, 03-0457, >045T,,
Oxides <0267, 026-045T, >045T,

Figure 14: Structual zones in condensates as proposed by Movchan and
Demchishan (73).

Figure 15: Modified model of Thornton (74).
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It also contains a high dislocation density and has a high level of residual
stress. Such a structure has also been called "Boitryoidal" and corresponds
to Zone 1 in Figures 14 and 15.

As the substrate temperature increases, the surface mobility increases
and the structural morphology first transforms to that of Zone T, i.e.
tightly packed fibrous grains with weak grain boundaries and then to a full
density columnar morphology corresponding to Zone 2 (Figure 14).

The size of the columnar grains increases as the condensation
temperature increases. Finally, at still higher temperatures, the structure
shows an equiaxed grain morphology, Zone 3. For pure metals and single phase
alloys, T1 is the transition temperature between Zone 1 and Zone 2 and T2 is
the transition temperature between Zone 2 and Zone 3. According to Movchan
and Demchishin's original model, T1 is 0.3 Tm for metals, and 0.22-0.26 Tm
for oxides, whereas T2 is 0.45-0.5 Tm. (Tﬂ1 is the melting point in K).

Thornton's modification shows that the transition temperatures may vary
significantly from those stated above and in general shift to higher
temperatures as the gas pressure in the synthesis process increases.

The morphological results reported by Movchan and Demshishin for nickel
titanium, tungsten, A1,05 and Zr02 have been confirmed for several metals and
compounds.

An intense ion bombardment of the substrate during deposition can
suppress the development of an open zone 1 structure at Tow T/Tm. This has
been demonstrated for both conducting and non-conducting deposits. Coatings
deposited under these conditions have a microstructure similar to the zone
T type. This effect appears to be due to the ion induced creation of new
nucleation sites and sputtering effects. At this juncture, it should be
stated that applicability of the above structural model is only strictly
valid in situations where the flux of arriving species is sufficiently low.
Or, 1in other words, the time scale for thermalization of adatoms is
sufficiently small as compared to the rate of incoming atoms.
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4. STRESS AND GASEOUS CONCENTRATION

Thin films and coatings, irrespective of the deposition techniques
used, always have internal stresses. The stresses are caused either by the
thermal expansion mismatch between the coating and substrate or due to the
non-equilibrium nature of the process which puts atoms out of position with
respect to the minimums 1in the interatomic force fields. These two
contributions are thermal and intrinsic stresses respectively. Smail
variations in the bond lengths and bond angles in covalently bonded ceramics
lead to large internal stresses which have broad, structural and electronic
consequences. Structurally, the stresses may lead to failure of adhesion or
development of microcracks in the film. Since the intrinsic stresses
increase with the coating thickness, failure of adhesion 1is observed
frequently in the case of thick films. Electronically, the stresses affect
the pizoelectric properties, optical absorption and optoelectronic properties
and electronic dopability of the film or the substrate.

The bombardment of the growing film by energetic jons has a pronounced
effect on intrinsic stresses. In the case of evaporated films, a transition
from highly tensile to compressive behavior has been observed with increasing
ion bombardment(72). The substrate bias in evaporation and diode sputtering
processes is an important tool for tuning(30) the level of stress in the
films. In ion beam sputtering processes, bombardment of the growing film
with a secondary ion gun can be used for stress tuning. In plasma CVD
processes, the RF frequency used for excitation of the plasma is an important
parameter in deciding the stress state of the films. At lower RF
frequencies, the film is exposed to higher ion bombardment and therefore is

(53). A compressive to

generally found in a state of compressive stress
tensile change may occur at the higher RF frequencies. In the case of photo
and thermal CVD processes, the degree of stress in the films is primarily

decided by the gas composition and the substrate temperature.

In situations where a particular application requires exposure of the
coating to higher temperatures, it becomes important to study the temperature
dependence of stress in the films. Very few studies have so far been
reported on the temperature dependence of stress in technologically important

ceramic coati ngs( 51,53) .

Apart from intrinsic stress, another important factor that plays a
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critical role in deciding the electrical, optical and structural properties,
is the magnitude of gaseous impurities incorporated in the films. These
gases are either the impurity gases present in the deposition chamber or are
deliberately introduced ones, such as argon in sputtering or the gaseous by-
products of the dissociation reactions. In the case of the planar d.c.
sputtering process, the amount of sputtering gas trapped in the film
increases with the RF bias on the substrates(75‘76). The jon bombardment
of the growing film realized by RF or -d.c. bias on the substrate, also tends
to decrease the concentration of low stricking coefficient gaseous

(77). In a reactive sputtering

impurities, such as nitrogen, in the films
process, if the reactive gas consists of two or more elements, even the
undesired element is incorporated in the films. A typical example is the
incorporation of hydrogen in transition metal silicide films deposited by

using SiH, as the reactive gas(78).

A profound effect of gaseous impurities is observed in the physical
properties of films deposited by photo and plasma CVD process. For example,
silicon nitride films deposited by glow discharge dissociation of S1'H4 and
NH3 or SiH4 and N2 gases, contain 30 - 40 atomic percent hydrogen chemically
bonded with Si and N atoms in the matrix(51'54). The presence of bonded
hydrogen in the films can be easily seen by infrared transmission
measurements (Figure 16). Similarly, films of silicon oxynitride, boron
nitride, aluminum oxide, aluminum nitride, titanium oxide, made by photo or
plasma CVD contain a large number of chemically bonded H and OH species. A
typical example of the presence of OH radicals in CVD deposited aluminum
nitride films, as observed by IR spectroscopy, is shown in Figure 16. The
concentration of loosely bonded OH radicals decreases on increasing the
substrate temperature.

The chemically bonded hydrogen in dielectric films have both beneficial
and deleterious effects on the structural and electrical responses of the
material. In the case of silicon nitride films deposited by CVD, at
temperatures > 700°C, the hydrogen concentration is less than about 5 atomic
percent. The hydrogen compensates dangling bonds in the covalently bonded
network and thus removes the defect density of states from the band gap and
band edges(79’80). These films are extensively used in Metal-Nitride-Oxide-
Semiconductors (MNOS) memory devices(m). The much higher hydrogen
concentration in low temperature (about 30°C) deposited plasma CVD films
destroys these properties. The PACVD films, however, act as efficient
diffusion barriers against water vapor and alkali ions, which make them
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Figure 16: Infrared transmission spectra for aluminium nitride films
deposited by chemical vapour deposition process (40).

(82'83). In situations where

useful for encapsulation of electronic devices
the dielectric films are subjected to higher temperatures, such as implant
activation caps on III-V semiconductors and aerospace applications, the use
of heavily hydrogenated films/coatings is not recommended. For a typical
case of PACVD silicon nitride, the films start loosing hydrogen above 600°C.
The loss of hydrogen is reflected by the decreases in the intensity of
infrared absorption bands of N-H and Si-H bonds (Figure 17)(51). The

hydrogen outdiffusion results in a severe microfragmentation of the films.

5. RECENT DEVELOPMENTS

The ultimate ceramic film - Diamond Film - is an excellent example of
the influence of the process on the structure and properties of the film.
The CVD and PACVD processes using CH4 and H2 as reactants require a high
deposition temperature (600-1000°C) and the resulting films are very coarse
grained, highly faceted and essentially opaque due to internal reflection of
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Figure 17: Infrared transmission spectra of as-deposited and annealed Si3N4
films deposited by PACVD process. N-H and Si-H absorbtion bands have been
marked in the figure (51).

light from the faceted interfaces in the m'icrostructure(mn. On the other
hand, the ARE process evaporates graphite with an electron beam in a hydrogen
plasma. The diamond films are deposited on an unheated substrate with the
maximum substrate temperature measured at 350°C from the thermal radiation
from the hot graphite target. The films are very fine grained (grain size
less than 100 &), transparent and with a very smooth surface
topography(142'143). Thus, for the various applications of diamond films,
the process has to be matched to the application.

6. CONCLUDING REMARKS

In brief, we have presented an introductory review of currently
available atomistic processes for deposition of ceramic thin films and
coatings. It has been shown that the conventional evaporation or sputtering
of a bulk ceramic leads to non-stoichiometric deposits which are not suitable
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for most of the microelectronic and photonic applications. The reactive
variations of evaporation and sputtering processes facilitate control over
the stoichiometry. The presence of a gaseous plasma in both of these
processes has the additional advantage of activating the compound forming
reaction. The electrons and the reactive and neutral gas ions present in the
plasma zone can also be used to modify the microstructure and stress state
of the films. The flux and the energetics of the ion bombardment can be
controlled precisely in a dual ion beam reactive deposition processes. In
PACVD, the extent of ion/electron bombardment can be varied with the
substrate bias and the plasma excitation frequency. Laser CVD processes are
developing rapidly to meet the demands for low temperature deposition of
ceramics with restricted dimensionality. Applications for the various
nitride, oxide, oxynitride, carbide, silicide and boride ceramics are wide-

ranging. A summary of their most important uses is provided in Table 5.

Ceramic Systems Deposition Applications

Techniques Used

Magnetic, Electronic,
Optoelectronic

Structural

AN

AIN.Oq_,

BN

Transition
metal nitrides

Transition
metal silicides

Transition
metal carbides

RS, RIBS, ARE,
CVD, Photo CVD,
Plasma CVD

RIBS, CvD,
Photo CVD

RS, ARE, CVD,
Plama CVD

RS, ARE, RIBS,
CvD, Photo CVD

RS, ARE, RIBS,
CvD

Co~sputtering,
Evaporation CVD
Plasma CVD, RS

RS, ARE, CVD

Implantation mask,
heat sink, surface
acoustic wave
devices

Incapsulation layers
gate dielectric

Implantation mask,
X-ray lithography
mask

Incapsulation,
diffusion barrier,
gate dielectric
applications and
solar cells

Diffusion barriers,
superconducting
S-1I-S junctions

Integrated circuit
metallization

High strength and
corrosion resistant
coatings

Corrosion resistant
applications, wear
resistant coating,
high temperature
applications

Aerospace
structural material

Decorative coatings

hard coatings

Heating elements

Hard coatings,
corrosion resistant
coatings

(continued)



Thin Film Deposition Processes

403

Ceramic Systems

Deposition
Techniques Used

Applications

Magnetic, Electronic,

Optoelectronic

Structural

SiC and
a-5i,Cq_,:H

Transition
metal borides
and rare-earth
borides

Alkali and
alkaline
fluorides
Sn02
6 and Cd23n0
as transparent
conductors

YBa§Cu OZué

perovskites

SrTi0,, BaTiO3,
Pb(Zr.Ti)03

Zn0

$i0,

Diamond and
diamond-1ike
carbon

RS, ARE, CVD,
Plasma CVD,
RIBS

Sputting, CVD

Evaporation

RE, ARE, RS,
RIBS, CVD spray
pyrolysis

RE, RS, screen

printing

RS, RIBS

RS, RIBS

ARE, RS, RIBS,
CvD, PACVD,
Photo CVD

RS, CVD, PACVD,
Photo CVD

CvD, PACVD, ARE

High temperature
semiconductor

devices, solar cells

Diffusion barriers

and metallization in

microelectronics

Optical filters and

allied optics

Solar cells, heat
mirrors, display

devices, gas sensors

High-T_
superconductors,

electromagnetic and

magneto-mechanical
devices

Piezoelectric and
ferroelectric
devices

Surface acoustic
wave devices,
optical waveguides

Optical waveguides
and optics

Active and passive
applications in
microelectronics,
optical waveguides

Protective coatings
for IR and UV optics

AR coatings, high

thermal conductivity

substrates, micro-
electronic devices

High temperature
structural
applications,
cutting tool hard
coatings

High temperature
structural
applications

Wear resistant
coatings

Important
structural ceramic

Fine particle
superabrasives,
cutting tool for
aluminium alloys,
wear coatings for
computer memory
discs

Table 5: Applications of ceramic coatings.
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