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Preface to the Reissue of the Materials 
Characterization Series

The 11 volumes in the Materials Characterization Series were originally published 
between 1993 and 1996. They were intended to be complemented by the Encyclope-
dia of Materials Characterization, which provided a description of the analytical tech-
niques most widely referred to in the individual volumes of the series. The individual 
materials characterization volumes are no longer in print, so we are reissuing them 
under this new imprint.

The idea of approaching materials characterization from the material user’s per-
spective rather than the analytical expert’s perspective still has great value, and though 
there have been advances in the materials discussed inl each volume, the basic issues 
involved in their characterization have remained largely the same. The intent with 
this reissue is, fi rst, to make the original information available once more, and then 
to gradually update each volume, releasing the changes as they occur by on-line 
subscription.

C. R. Brundle and C. A. Evans, October 2009
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xii

Preface to Series

This Materials Characterization Series attempts to address the needs of the practical 
materials user, with an emphasis on the newer areas of surface, interface, and thin 
fi lm microcharacterization. The Series is composed of the leading volume, Encyclope-
dia of Materials Characterization, and a set of about 10 subsequent volumes concen-
trating on characterization of individual materials classes.

In the Encyclopedia, 50 brief articles (each 10 to 18 pages in length) are presented 
in a standard format designed for case of reader access, with straightforward tech-
nique descriptions and examples of their practical use. In addition to the articles, 
there are one-page summaries for every technique, introductory summaries to group-
ings of related techniques, a complete glossary of acronyms, and a tabular compari-
son of the major features of all 50 techniques.

The 10 volumes in the Series on characterization of particular materials classes 
include volumes on silicon processing, metals and alloys, catalytic materials, inte-
grated circuit packaging, etc. Characterization is approached from the materials 
user’s point of view. Thus, in general, the format is based on properties, processing 
steps, materials classifi cation, etc., rather than on a technique. The emphasis of all 
volumes is on surfaces, interfaces, and thin fi lms, but the emphasis varies depend-
ing on the relative importance of these areas for the materials class concerned. 
Appendixes in each volume reproduce the relevant one-page summaries from the 
Encyclopedia and provide longer summaries for any techniques referred to that are 
not covered in the Encyclopedia.

The concept for the Series came from discussion with Marjan Bace of Manning 
Publications Company. A gap exists between the way materials characterization is 
often presented and the needs of a large segment of the audience—the materials user, 
process engineer, manager, or student. In our experience, when, at the end of talks or 
courses on analytical techniques, a question is asked on how a particular material (or 
processing) characterization problem can be addressed the answer often is that the 
speaker is “an expert on the technique, not the materials aspects, and does not have 
experience with that particular situation.” This Series is an attempt to bridge this gap 
by approaching characterization problems from the side of the materials user rather 
than from that of the analytical techniques expert.

We would like to thank Marjan Bace for putting forward the original concept, 
Shaun Wilson of Charles Evans and Associates and Yale Strausser of Surface Science 
Laboratories for help in further defi ning the Series, and the Editors of all the indi-
vidual volumes for their efforts to produce practical, materials user based volumes.

C. R. Brundle C. A. Evans, Jr.
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Preface to the Reissue of 
Characterization of Ceramics

Fifteen specialists (ten from Sandia National Laboratories) combined their efforts 
to produce this comprehensive volume. Between them, they addressed the concerns 
and recommendations for the ceramics area presented in the National Academy of 
Sciences study, “Materials Science in the 1990’s: Maintaining Competitiveness in the 
Age of Materials.” The fi rst fi ve chapters deal with synthesis and processing, and the 
remainder cover structure, reaction, mechanical properties, composites and joining, 
and electronic and magnetic ceramics, all with an emphasis on characterization. Of 
course, there have been advances since the original publication, particularly with 
micro aspects being pushed down to the nano region, but all the principles involved 
in the characterization approaches discussed here remain valid and pertinent. Fol-
lowing the reissue of this volume, in a form close to the original, it is our intention 
to release updates and new material, as on-line downloads, as they become available.

C. R. Brundle and C. A. Evans, December 2009
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Preface

Most ceramics are ionically bonded compounds found in complex crystal structures 
that are strong, stiff, lightweight, hard, and corrosion-resistant. Typically, they main-
tain their properties to high temperatures. In a broad sense, a ceramic is any man-
made, inorganic, nonmetallic, solid material. Glass, usually considered a subset of 
ceramics, is any solid that lacks crystalline order. Traditionally, ceramics have been 
considered polycrystalline, although most ceramists today do not accept that restric-
tion. Also traditional is the idea that high temperatures are required for the synthesis 
or processing of ceramics and glasses; but that limitation is no longer valid—new 
materials such as aerogels and tin fl uorophosphate glasses are synthesized at room 
temperature or at a few hundred degrees above ambient.

Raw materials for ceramic and glass manufacture traditionally are earthy, oxide 
materials that are mined in high volume at low cost and are subjected to relatively 
little processing. The products made from them are commodity items such as brick, 
tile, bottles, and windows. Modern technical or engineering ceramics are higher-
value materials that have superior properties as a result of more sophisticated pro-
cessing and tighter control over raw materials. These advanced ceramics are much 
more varied in composition than simple oxides and include, for example, carbides, 
nitrides, and borides. The development of ceramic composites that are heteroge-
neous on the micrometer or nanometer scale is a rapidly expanding area of materi-
als science and engineering. The need for better control of fi nal properties requires 
increased use of modern characterization techniques at all stages of ceramic synthesis 
and processing. This volume describes characterization techniques and how they can 
be used to obtain that greater control.

This book is written in a time of changing priorities in materials science and engi-
neering. Responding to a perception that research results in the United States were 
not being reliably translated into marketable products, the U.S. National Academy 
of Sciences conducted an infl uential study—the results of which were reported in a 
widely read book, Materials Science in the 1990s: Maintaining Competitiveness in the 
Age of Materials, National Academy Press, Washington, D.C., 1989—that recom-
mended increased emphasis on materials synthesis and processing. These recommen-
dations include

• interactive research on new materials synthesis that is linked with charac-
terization and analysis of the product

• basic research on synthetic solid-state inorganic chemistry to produce new com-
pounds
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• synthesis of ultra pure materials, for example, fi bers with low oxygen or carbon 
impurity levels

• research on techniques for synthesis to net-shape; that is, learning how to do syn-
thesis, processing, and forming in a single step

• research on methods for processing ceramic materials far from equilibrium

• research on processing artifi cially structured or, as they are sometimes called, func-
tionally gradient materials.

Characterization of Ceramics addresses these concerns and recommendations in 
two ways. First, the book stresses advanced synthesis and processing. Second, the 
central theme of the book, the application of characterization techniques, is a specifi c 
recommendation of the NAS study. The 13 chapters of this volume present a broad 
overview of ceramics and glasses. Each of the topics provides enough information for 
the reader to make intelligent choices among the myriad available characterization 
and analysis techniques. Many of the chapters are organized as case studies taken 
from the authors’ own research, which help to illustrate how different methods can 
be integrated to give a more complete picture of a given process or phenomenon.

The fi rst part of the book deals with the techniques of ceramic synthesis. Increas-
ingly, advanced ceramics are being produced from highly processed powders made 
by methods collectively known as chemical preparation. Some of the more promis-
ing routes to the production of advanced ceramic powders are sol–gel processing, 
precipitation from solution, gas-phase synthesis, and powder-surface modifi cation. 
J. A. Voigt discusses recent trends in the use of near–room temperature solution 
techniques to make ceramic precursors. An example of this is the sol–gel method, in 
which organometallic reagents in solution are hydrolyzed and condensed to form an 
inorganic polymeric gel that, when dried and fi red, gives the desired ceramic compo-
sition. These chemical methods can generate controlled-size distributions, extremely 
reactive precursors, unusually shaped particles, and gels. Solution methods permit 
the intimate mixing of components, easy dispersion of second phases, and surface 
modifi cation of precursor particles. Liquid precursor solutions also can be used to 
make thin fi lms by dipping or spinning; because of the high reactivity of the precur-
sor particles, fi lm consolidation occurs at moderate temperatures. The chapter by 
R. W. Schwartz on electronic ceramics shows how analytical methods such as NMR 
are used to guide the solution synthesis of electronic ceramic fi lms such as PZT (lead 
zirconate-lead titanate). Voig’s chapter illustrates the importance of thorough charac-
terization in the development of better synthesis methods.

Ceramic powders and fi lms made by gas-phase techniques and their character-
ization are discussed by C. L. J. Adkins and D. E. Peebles. Ultrafi ne ceramic par-
ticles with enhanced surface reactivity, such as SiO2, can be synthesized through 
nucleation or condensation reactions in gas-phase aerosols. Ceramic fi lms and 
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coatings, such as diamond and diamond-like materials, are synthesized by a variety 
of vapor deposition techniques.

Ceramic processing methods are extremely diverse, with new ones being con-
stantly developed. The technique with widest application is sintering bulk ceramics, 
in which a powder preform is typically converted to a dense, consolidated object 
through solid or liquid-phase diffusion. The driving force for diffusion is the low-
ering of the Gibb’s energy by minimizing surface area and, possibly, by reaction to 
more stable products. K. G. Ewsuk discusses the essential features of bulk sinter-
ing and the analytical methods used to characterize the process. By contrast, T. J. 
Garino’s chapter is concerned with the densifi cation of ceramic thick fi lms and the 
phenomena distinctive to them. For example, ceramic fi lms usually are deposited 
on substrates, and differential shrinkage in drying or fi ring leads to stresses and 
possibly warping. Garino’s discussion emphasizes characterization methods appli-
cable to those ceramic fi lms.

Much current ceramic processing research for both bulk materials and fi lms is 
directed toward eliminating fl aws, thereby increasing strength and fracture tough-
ness. L. Neergaard’s chapter on nondestructive evaluation shows how to detect fl aws 
that are frequently generated in a ceramic despite the best of processing efforts.

Other types of ceramic processing discussed in this volume are inorganic glasses 
and glass-ceramics by R. K. Brow, ceramic composites by S. J. Glass, and ceramic 
joining by A. P. Tomsia. This selection of processing methods is not exhaustive, but is 
broad enough for most of the applicable characterization techniques to be presented. 
These three chapters share a common concern with interfaces and how to character-
ize their reactivities, compositions, and microstructures.

Because ceramics are brittle, they are susceptible to catastrophic failure under 
mechanical load. The useful strength of a ceramic is determined by the fl aw popula-
tion: stresses are concentrated at fl aws, which cause cracks to propagate to failure. 
The critical property for ceramics in load-bearing uses is not the strength, but the 
fracture toughness—the resistance of the ceramic to crack propagation. The fracture 
surface of a ceramic bears the evidence of its failure. One must read the features in 
a fracture surface to understand the origin and path of the fracture. The case study 
by E. K. Beauchamp shows how much practical information can be obtained from 
ceramic fracture analysis.

The other two chapters are basic to much of ceramics. In ceramics, microstruc-
ture determines properties; the study of that relationship has been a main theme 
for decades. A. H. Carim’s chapter illustrates the range of microscopic and micro-
analytic techniques used to determine the structures and composition of ceramic 
microstructures. Another foundation of ceramics is reactivity and phase behavior. 
Knowledge of these topics is basic to understanding all forms of thermal processing 
of ceramics. P. K. Gallagher’s chapter on reactivity and thermal analysis is an authori-
tative account by one of the experts of the fi eld.

Ronald E. Loehman
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1

Powder and Precursor Preparation by Solution Techniques

james a. voigt

Contents

1.1 Introduction
1.2 Powder Characterization
1.3 Precursor Powder Synthesis
1.4 Summary

1.1 Introduction

The traditional scheme for fabricating ceramics involves preparing a powder, forming 
the powder into a green compact, and heating the compact to densify it to its fi nal 
form.1, 2 The driving force for densifi cation, or sintering as it is more commonly 
called, is a reduction in the surface free energy of the powder compact. At elevated 
temperatures the surface tension of the particles gives rise to chemical potential gra-
dients, which in turn produce a fl ow of matter in a direction that decreases the chem-
ical potential. As a result of these differences in chemical potential gradients, the total 
free energy of the system decreases. The mass fl uxes that arise during sintering may 
occur in the vapor phase, along the solid surface, in the bulk of the particles, or along 
grain boundaries.3 The driving force for sintering illustrates why powder properties, 
such as particle size and surface area, are of importance in the preparation of ceramic 
materials. For example, to achieve equivalent densifi cation, a highly active powder 
(i.e., fi ne particle size, high surface area) may be sintered at a lower temperature and 
for a shorter period of time than a poorly prepared powder of the same material. This 
usually produces a smaller grain size and a more uniform microstructure in the dense 
body, both of which improve mechanical and optical properties.
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2 POWDER AND PRECURSOR PREPARATION . . . Chapter 1

Mixed Oxide Processing

Applications of high-performance ceramics often require either new ceramic materi-
als or ceramic materials with improved properties. To meet these demands, ceramics 
need to be prepared using optimally processed powders. Most traditional ceramic 
products, such as whiteware and brick, are manufactured using powders prepared 
by comminution and blending of naturally occurring ores and clays. In contrast, 
most engineering ceramics such as those used in electronics and structural applica-
tions require starting powders with compositions and phase assemblages that must 
be synthesized. Conventional powder synthesis, frequently referred to as mixed-
oxide processing, involves mechanically mixing and milling different powders (most 
often oxides) that contain components of the phase to be prepared. When heated (or 
calcined), the powder mixture reacts to form the product powder. For example, to 
make BaTiO3 powders for use in ceramic capacitors, BaCO3 and TiO2 are typically 
the component starting powders. One of the drawbacks of mechanical mixing of 
powders is the long diffusion distances between reacting components. These long 
diffusion distances necessitate the use of relatively high calcination temperatures 
that can lead to unwanted grain growth and the formation of hard agglomerates, 
both of which deleteriously affect ceramic properties. The mixing and milling 
operations also can introduce unwanted impurities that, at levels as low as a few 
tens of parts per million, can drastically alter the processability and fi nal properties 
of many ceramic materials. The mixed-oxide processing approach, however, often 
is not capable of homogeneous incorporation of low-level additives when they 
are required.

Chemical Synthesis of Powders

Chemical synthesis techniques have been developed to overcome the limitations of 
conventional powder preparation methods. In chemical processing, powder com-
ponents are intimately mixed as solutions or vapors. A state of supersaturation is 
created in the vapor or solution through chemical reaction, changes in temperature 
or pressure, solvent substitution, or solvent removal. The supersaturation is relieved 
and the free energy of the system reduced through spontaneous formation of a par-
ticulate solid phase. Because of the high degree of mixing, precursor powders pre-
pared by these methods have short component diffusion distances; as a result, the 
precursors often can be calcined to fi nal form at signifi cantly lower temperatures than 
mixed-oxide processed powders. The milder calcination conditions, coupled with 
controlled precursor synthesis, lead to the formation of fi ne, controlled-morphology 
powders. Current trends in chemical synthesis involve developing methods that form 
the desired phase directly, thus avoiding the calcination operation completely. Also, 
homogeneous incorporation of low-level additives is facilitated by the chemical 
mixing process.

Types of chemical synthesis techniques can be distinguished by the medium in 
which solid particles form. Particle formation in solution is the topic of this chapter,
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1.2 POWDER CHARACTERIZATION  3

whereas gas-phase synthetic routes are described in Chapter 2. Many solution meth-
ods have been developed, such as solution freeze-drying, emulsion precipitation, 
hydrothermal processing, sol–gel processing, and precipitation of sparingly soluble 
salts (see References 4–8). This chapter is limited to two of the most widely stud-
ied synthesis routes—sol–gel processing and the precipitation of sparingly soluble 
salts, since the characterization techniques for the different solution methods are 
similar. Emphasis is placed on the different processes involved in particle forma-
tion and how these processes are characterized. An introduction to the general 
topic of ceramic powder characterization is first given in the form of a brief 
discussion of commonly used powder characterization methods (for more detailed 
information see References 1, 2, and 9).

1.2 Powder Characterization

It is convenient to classify particles into two types based on the mechanism of particle 
nucleation and growth. Primary particles are discrete units formed by nucleation 
from solution or by aggregation of much smaller clusters or nuclei. They can be 
crystalline or amorphous, do not break down during further processing, and gener-
ally are relatively dense. The other class of particles, named secondary particles, form 
by the agglomeration of primary particles. Depending on the strength of primary 
particle–primary particle contact points, secondary particles may or may not be 
broken during subsequent processing. The agglomerated particles are less dense than 
primary particles. It should be noted that these are rather broad defi nitions useful for 
visualizing particle formation.

Physical Characteristics

The most important physical properties of a ceramic powder are its particle size 
distribution, particle morphology, surface area, and state of agglomeration. These 
properties determine how well a powder can be packed during green body formation. 
For example, powders with a distribution of sizes can be formed into higher density 
compacts than those with an unimodal, narrow size distribution. This is because 
smaller particles can fi t into the interstices of consolidated larger particles. Powders 
with fine particle sizes (<1 μm) and high surface areas are generally desired 
because of their high sinterability. Powders containing hard agglomerates (those 
that do not break down during green body formation) are undesirable because 
they can lead to differential sintering that results in nonuniform microstructures 
and reduced densities.

There are numerous commercial instruments available for determining powder 
particle size distributions. The instruments use sizing techniques that are based on 
a variety of principles, including sedimentation, light scattering, electrical sensing, 
image analysis of electron photomicrographs, hydrodynamic chromatography, and 
sieving.9, 10 X-ray diffraction line broadening is often used to determine a powder’s
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4 POWDER AND PRECURSOR PREPARATION . . . Chapter 1

average crystallite size and is applicable when crystallite sizes are less than 1000 Å. 
Particle morphology is characterized by image analysis of photomicrographs obtained 
using scanning electron microscopy (SEM) or transmission electron microscopy 
(TEM). The most widely used method to determine the specifi c surface area of a 
powders is by application of the Brunauer-Emmett-Teller (BET) model to gas adsorp-
tion data.1, 9

The characterization of powder agglomerate properties is much less standardized. 
Agglomerate pore size distributions in the range of 15–1000 Å can be obtained by 
analysis of gas adsorption-desorption isotherms. Mercury intrusion porosimetry is 
also used in pore size determination (applicable for pores ranging from 20 Å to larger 
than 1000 μm). This technique is based on application of the Washburn equation 
which relates the radius of a cylindrical pore to the pressure required to intrude a 
nonwetting liquid, such a mercury.1, 9 Mercury porosimetry is only applicable to 
powders that contain agglomerates that can withstand maximum intrusion pressures 
of about 400 Pa. Agglomerate strength can be inferred from powder compaction 
data. Plots of the log of applied pressure versus compact density normally will have 
an infl ection point at the point where agglomerates collapse. A technique developed 
by Ciftcioglu and co-workers11 combines particle size distribution analysis with 
ultrasonic disruption to determine agglomerate strength. In this method, powder 
suspensions are subjected to ultrasonic irradiation with an intensity that has been 
calibrated in terms of a disruptive pressure. Particle size distribution data are mea-
sured after fi xed times at progressively higher power inputs. The change in particle 
size distribution as a function of sonication intensity and time is related to agglom-
erate strength. Figure 1.1 gives an example of the application of this technique to 
continuously precipitated yttrium hydroxynitrate powders. The fi gure illustrates 
the infl uence of the precipitate dewatering method on powder particle size and 
agglomerate strength. In this example the precipitates were dewatered either by a 
series of organic washes or by suspension freeze-drying. The size distributions are 
compared before and after sonication (1 MPa sonication pressure for 10 min) and 
also to the size distribution of the precipitate before drying. The fi gure shows that 
the organic washed powder contains much weaker agglomerates than the freeze-dried 
sample, as evidenced by the shift of its particle size distribution to much fi ner sizes 
after sonication.

Chemical Properties

Thermal analysis is often used to characterize the decomposition and crystalliza-
tion behavior of ceramic precursor powders.12 The information gained from these 
analyses is used to determine appropriate calcination schedules. The two most com-
mon thermal analysis techniques are thermogravimetric analysis (TGA), in which 
weight loss is monitored during heating, and differential thermal analysis (DTA), in 
which the changes in sample temperature relative to a standard are monitored during 
heating (see Chapter 8 by Gallagher). Figure 1.2 shows typical TGA/DTA data for
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1.2 POWDER CHARACTERIZATION  5

the decomposition of yttrium hydroxynitrate precipitates formed under different pH 
conditions. The TGA data show that, regardless of pH, precipitate weight loss is 
complete by about 600 °C. At this temperature, X-ray powder diffraction results 
show that the hydroxynitrate is completely converted to the oxide (Y2O3). The pla-
teaus in the TGA curves indicate formation of intermediate phases (phases are indi-
cated on the fi gure) as the powder decomposes. The formation of these phases is 
endothermic, as shown by the thermal events in the DTA curves. As the precipitation 
pH is increased, the TGA plateaus are less distinct and the DTA thermal event spikes 
broaden. These trends indicate that the precipitate is less ordered when higher pH 
conditions are used.

The characterization of the surface properties of powders suspended in liquids 
is important in a number of areas of ceramic processing. Stable aqueous and non-
aqueous suspensions (controlled by particle surface properties) are used in green 
body formation processes, such as tape casting, injection molding, and screen 
printing.1, 2 Also, particle surface properties can control particle growth and 
agglomeration during solution synthesis. Fine particles (<1 μm) in suspension are sub-
ject to electrostatic forces, London–van der Waals forces, osmotic forces, gravitational

Figure 1.1 Particle size distributions of yttrium hydroxynitrate precipitates 
dewatered by a sequence of organic washes (acetone, toluene, and 
acetone) and by freeze-drying (a) as suspended after drying and (b) 
after 10 min of 1 MPa ultrasonic irradiation. Also shown is the in situ 
precipitator-size distribution.
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6 POWDER AND PRECURSOR PREPARATION . . . Chapter 1

forces, and forces due to solvent structure. These forces, together with the effects 
of Brownian motion and suspension hydrodynamics, determine the stability of a 
dispersion.14 Colloidal dispersions are often stabilized by addition of polymeric com-
pounds that are preferentially adsorbed on particle surfaces.1, 15 The repulsion of 
polymer chains attached to different particles sterically stabilizes the suspension.

Electrostatic stabilization is of importance in solution synthesis as another way 
to stabilize dispersions.14, 16 Colloidal particles almost always have charged surfaces 
that tend to repel each other. One of the most common charging processes is the 
adsorption of charged species on the surface of the particle. To maintain electro-
neutrality, a diffuse cloud of counter ions forms in the fl uid around the suspended 
particle. This phenomenon is described by the diffuse double-layer theory. When 
the diffuse ion clouds of particles interpenetrate, the particles tend to repel each 
other electrostatically. The electrostatic repulsive forces are opposed by attractive 
van der Waals forces that are always present between particles in suspension. The 
description of the potentials created by these two opposing forces is known as the 
Derjaguin–Landau–Verwey–Overbeek (DLVO) theory. The DLVO theory predicts 

Figure 1.2 (a) Differential thermal analysis, DTA, and (b) thermogravimetric 
analysis, TGA, of continuously precipitated yttrium hydroxyni-
trate powders as a function of precipitation pH. Stoichiometries 
at TGA plateaus were determined based on the analysis of 
Holcombe et al.13
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1.2 POWDER CHARACTERIZATION  7

that a potential barrier to particle-particle contact will exist that is a function of 
suspension characteristics, including particle surface charge, the ionic strength of the 
dispersing medium, the properties of the suspended material, and the properties of 
the dispersing liquid. The magnitude of this barrier is often experimentally related to 
a quantity known as the zeta potential. The zeta potential is the electrical potential 
measured at the particle surface of shear and is most often determined electrophoreti-
cally.16 In general, the higher the zeta potential, the higher the potential barrier for 
particle-particle contact and the more stable the suspension.

Let us refer again to the continuous precipitation yttrium hydroxynitrate: 
Figure 1.3 shows how the zeta potential of the precipitate varies with pH both dur-
ing precipitation and when the powder has been resuspended after drying. The 
decrease in zeta potential with increasing pH for the resuspended sample is typi-
cal of the behavior of oxides and hydroxides. The surfaces of these solids possess 
a large number of amphoteric hydroxyl groups that can undergo reaction with 
either hydrogen ions or hydroxide ions, depending on the relative concentration of 
the ions or the pH of the system. In acidic conditions, the surface hydroxyls react 
with hydrogen ions to produce a positive surface charge or zeta potential, whereas 
under basic conditions the hydroxyls react with hydroxide ions to produce a nega-
tive surface charge or zeta potential. If the pH of the aged yttrium hydroxynitrate 
suspensions were adjusted to greater than 10 (Figure 1.3), the zeta potential would 
be negative. Surface properties of precipitates during formation can be inferred by 
comparing zeta potential measurements of growing precipitates with aged suspen-
sions of the same material. As shown in Figure 1.3, the zeta potential of yttrium 
hydroxynitrate is signifi cantly higher during precipitation than when it is aged in 
suspension and goes through a maximum at a precipitation pH of 9. This result

Figure 1.3 Zeta-potential (z) data of aged yttrium hydroxynitrate, YHN, suspen-
sions (prepared by resuspending dried, continuously precipitated YHN 
powder in 0.01 M NaNO3 solutions) as a function of pH (adjusted with 
NaOH solution). Also shown are YHN zeta-potential data taken at 
steady-state continuous precipitation conditions.
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8 POWDER AND PRECURSOR PREPARATION . . . Chapter 1

indicates that during precipitation the yttrium hydroxynitrate particle surfaces pref-
erentially adsorb excess positive complexes from solution, which increase the zeta 
potential. This behavior helps explain a change in nucleation and growth kinetics 
that occur at a pH of 9.

Virtually all of the chemical characterization techniques described in the fi rst 
volume of this series have been applied to ceramic powders.5–9 The only limitation 
is in the diffi culty of dealing with the small size of the particles. For example, when 
using surface analysis techniques it is not always possible to characterize individual 
particles; instead, groups of particles are simultaneously analyzed. It would be redun-
dant to discuss the application of these techniques to ceramic powders here.

1.3 Precursor Powder Synthesis

The formation of particles in solution can be viewed as the result of a series of com-
peting kinetic processes. First, metal cation-containing species must be formed and 
the chemistry or environment of these species altered to create a state of supersatura-
tion. If the degree of supersaturation is high enough, particle nuclei form and either 
redisperse or grow to become primary particles. Those particles then can continue to 
grow either by addition of dissolved species or by agglomeration to form secondary 
particles. The nucleation and growth kinetics depend on the chemistry of the system 
and the processing conditions.

Speciation and Supersaturation

When creating supersaturation levels suffi cient to induce particle formation, precipi-
tation of sparingly soluble salts and sol–gel processes are viewed differently. Precipi-
tation normally involves mixing a cation solution with a precipitant solution. For 
example, consider preparation of an oxalate precursor to a CoO- and MnO-doped 
ZnO powder. In this process, the Zn, Mn, and Co are coprecipitated with controlled 
stoichiometry and the precipitate is calcined to the oxide. To form the oxalate, a state 
of supersaturation is created by mixing an aqueous solution of the metal nitrates or 
chlorides with an oxalate precipitant solution. The system is supersaturated with 
respect to the different metal oxalate phases and a crystalline coprecipitate forms. 
Depending on precipitation conditions (pH, concentrations, temperature, etc.), 
different metal complexes are present in solution. The form and concentration of 
these complexes determine the phase, morphology, and particle size distribution of 
the resulting precipitate.

The sol–gel process is normally defi ned as the formation of a sol, gelation of the 
sol, and removal of the solvent to produce ceramic powders or monoliths.5 The sol 
is formed by hydrolysis and condensation reactions of soluble metal salts (e.g., alu-
minum chloride or nitrate) or metalorganics such as alkoxides (e.g., Al(OR)3 where 
R = –CH3, –C(CH3)3, etc.). Examples of hydrolysis and condensation reactions 
for metal (M) alkoxides are
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1.3 PRECURSOR POWDER SYNTHESIS  9

The kinetics of the two competing reactions are controlled by the precursors used 
(M and R) and the reaction conditions. For example, rapid addition of excess water 
to an alcoholic alkoxide solution generally leads to complete hydrolysis with little 
condensation. Because a hydroxide or hydrous oxide precipitate usually forms, this 
process resembles the sparingly soluble salt case. Polymeric species form when condi-
tions are adjusted such that condensation occurs. It is the type and distribution of 
species in solution and how they react with water (hydrolysis) or among themselves 
(condensation) that determine the form and structure of the particulate or gel prod-
uct. The ability to form large polymeric species is one of the primary differences 
between the sol–gel and salt precipitation processes.

The list of techniques used in characterizing speciation and the formation of com-
plexes in solution is extensive and includes potentiometry, infrared and Raman spec-
troscopies, colorimetry, ultracentrifugation, light, X-ray and neutron scattering, elec-
tron spin resonance, inductively coupled plasma atomic emission spectroscopy, and 
nuclear magnetic resonance (NMR). The hydrolysis of aluminum is a good of exam-
ple of a well-characterized system.5, 17, 18 An aluminum salt dissolved in water exists 
below pH 3 as a hydrated monomer, [Al(OH2)6]3+, and above pH 11 as the anionic 
hydrolysis product, [Al(OH)4]–. At intermediate pH and in the absence of any coor-
dinating anions, oligomeric species form, for example [AlO4Al12(OH)24(OH2)12]7+, 
in which a central Al atom (tetrahedrally coordinated to 4 oxygens) is surrounded 
by 12 octahedrally coordinated Al atoms. The structure of this oligimer, referred to 
as Al13, was determined by X-ray diffraction studies19 and is shown in Figure 1.4. 
Figure 1.4 also illustrates the use of 27 Al NMR in following the conversion of the 
[Al(OH2)6]3+ monomer to the Al13 ion as base is added to a 0.25 M Al3+ solution. 
In the fi gure (where m = moles base/mole Al), the resonance at 63 ppm relative to 
[Al(OH2)6]3+ is attributed to the central Al atom of the Al13 oligimer. As more base 
is added, the monomeric species is consumed to form the oligimer. Using species 
formation constants that are determined experimentally by application of the tech-
niques listed above, the distribution of species as a function of solution conditions 
can be calculated. Figure 1.5 shows an example of such calculations for the hydrolysis 
of aluminum.

If, in the previous example, the amount of added base is increased (m > 2.5), 
the aluminum solubility limit is exceeded and a precipitate spontaneously forms. 
The driving force for this process is a function of the supersaturation, S, which is the 
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10 POWDER AND PRECURSOR PREPARATION . . . Chapter 1

ratio of the bulk concentration of the species (C ) that are incorporated into the grow-
ing particle to the concentration of these species at equilibrium (Ce), or S = C /Ce. 
For the case of a sparingly soluble salt, MaXb, S = [(AM)a(AX)b/Ks0]1/(a+b), where AM 
and AX are the activities (concentrations) of species M and X, respectively, and Ks0 
is the solubility product of MaXb. Supersaturation levels are estimated using species 
formation constants.

Growth

Particle nucleation and growth are intimately related. Growth can occur in the 
absence of nucleation, as in the case of seeded crystal growth; however, the for-
mation of stable nuclei can occur only through growth. Since the development of 
expressions for the kinetics of nucleation require consideration of growth mecha-
nisms, growth will be discussed fi rst. Primary particle growth can occur by depo-
sition of ions or molecules on a particle surface, normally leading to a crystalline 
product. Growth can also occur by aggregation of microscopic clusters (polymers) 

Figure 1.4 The upper part of this figure shows three different views of the 
[AlO4Al12(OH)24(OH2)12]7+ ion. (From Johansson.19) The lower part 
is a plot of the 27Al NMR spectra of 0.25 M Al3+ solutions hydro-
lyzed by the drop-wise addition of aqueous bicarbonate (where m = 
moles base/mole Al3+). (From Wood et al.17)
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1.3 PRECURSOR POWDER SYNTHESIS  11

with sizes on the order of tens of angstroms to a few microns. Growth of a crystalline 
phase may be visualized as a series of successive steps20:

1 Diffusion of lattice ion-containing species to the crystal surface
2 Adsorption of species on the crystal surface
3 Possible surface reactions between species to form two-dimensional nuclei
4 Complete or partial dehydration of adsorbed species
5 Surface diffusion of growth units to energetically favorable lattice sites
6 Incorporation of growth units into crystal lattice (may or may not include 

chemical reaction)
7 Similar steps involving dissolution of growth units back into solution.

In order to explain experimental results, crystal growth theories have been devel-
oped that consider different steps in the growth process as rate limiting. The step 
that is rate limiting is dependent on the substance being precipitated and the 
experimental conditions. Most sparingly soluble salts at moderate supersatura-
tion levels (S < 20) have been found to have a parabolic dependence of growth on 

Figure 1.5 Distribution of aluminum hydrolysis products (x,y) at ionic strength =
1 M and 25 °C in (a) 0.1 M Al(III), (b) 10–5 M Al(III), and (c) solutions 
saturated with respect to a-Al(OH)3; the heavy curve in c is the total 
concentration of Al(III). (From Baes and Mesmer.18)
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12 POWDER AND PRECURSOR PREPARATION . . . Chapter 1

supersaturation. At low levels of supersaturation (S < 2), this dependence is consis-
tent with the rate-limiting process being the incorporation of growth units into spiral 
growth steps, as described by the theory developed by Burton et al.21 The fact that 
the rate of crystallization remains parabolic for S > 2 indicates that another step is 
rate limiting. Numerous theories have been developed to explain this dependence, 
including the incorporation of charged interfaces due to double-layer formation, 
surface reaction control, or the dehydration of cationic species as being rate limiting.
20, 22 High supersaturation conditions (S > 20) are normally used for the synthesis 
of ceramic powders since, as discussed in the next section, nucleation rates increase 
faster with increasing supersaturation than do growth rates. High supersaturation 
conditions tend to produce the greatest number of fi ne particles (assuming agglomer-
ation can be controlled), which is desired for ceramic applications. Although impor-
tant in the controlled synthesis of ceramic powders, little work has been done in 
understanding growth kinetics under these conditions.

Growth processes are normally characterized by monitoring the change in particle 
size as a function of time for fi xed supersaturation levels. Characterization of particle 
size is done in situ by visually monitoring growing crystals by optical microscopy, by 
using image analysis of photomicrographs, or by using a suitable commercial particle 
size analyzer. The precipitation of lead chromate is a system where particle growth at 
high supersaturation levels has been characterized.23 Results of this study are shown 
in Figure 1.6, where growth rate as a function of relative supersaturation, S-1, is plot-
ted. The data are fi t22 to a growth expression based on a surface-reaction/molecule 
integration mechanism (G = K([A+]0

2[A+]e
2 ), where [A+]0 and [A+]e are the bulk and 

equilibrium concentrations of lead, respectively) which reduces to the simple para-
bolic rate law (G = K (S-1)2) at high supersaturation levels.

Figure 1.6 Dependence of the rate of crystal growth upon relative supersatu-
ration for lead chromate. The line is the fit of the data to a growth 
expression based on a surface-reaction/molecule integration mecha-
nism. (From Chiang and Donohue.22 Data is from Packter.23)
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1.3 PRECURSOR POWDER SYNTHESIS  13

The structure and morphology of precipitates are generally characterized by X-ray 
diffraction and, depending on particle size, by optical microscopy, SEM, or TEM. 
Figure 1.7 illustrates the use of SEM in showing how the morphology of contin-
uously precipitated zinc oxalate precipitates changes as a function of pH and the 
oxalate precipitant. Figure 1.8 shows X-ray diffraction results indicating that as pH 
increases, the phase assemblage in the precipitate progressively changes from a zinc 
oxalate dihydrate to a mixture of the dihydrate and a hydroxy oxalate, and fi nally to 
mainly zinc oxide. The changes in phase assemblages result from differences in the 
solubility of the various phases with pH. In general, according to Stranski’s rule (also 
called the Ostwald rule of stages), the most soluble phase precipitates fi rst when par-
ticle formation is dominated by homogeneous nucleation (see next section, “Nucle-
ation”) because the energetics of nucleation favor the formation of the least stable 
phase (most soluble).

The species present in solution can have a dramatic effect on the morphology 
of the phase formed. This is illustrated in Figure 1.7 by SEM photomicrographs 
comparing ZnC2O4·2H2O formed by reacting a Zn nitrate solution with either 

Figure 1.7 SEM photomicrographs of continuously precipitated zinc salts as 
function of pH and precipitant: (a) pH = 5.5, (NH4)2C2O4 precipitant; 
(b) pH = 5.1, Na2C2O4 precipitant; (c) pH = 8.5, Na2C2O4 precipitant; 
and (d) pH = 10.4, Na2C2O4. (From Thomas et al.24)
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14 POWDER AND PRECURSOR PREPARATION . . . Chapter 1

ammonium oxalate or sodium oxalate. Under the precipitation conditions, used 
Zn forms ammonium complexes. The presence of these complexes inhibits crystal 
growth on certain crystallographic faces, resulting in needle-shaped particles. Addi-
tion of growth inhibitors is one way to control particle size. An example of this 
control is the precipitation of zinc oxalate in the presence of parts-per-million lev-
els of poly(acrylic) acid (PAA). Figure 1.9 shows particle size data for zinc oxalate 

Figure 1.8 X-ray powder diffraction patterns of continuously precipitated 
zinc salts as function of pH and precipitant: (a) pH = 5.5, (NH4)2C2O4 
precipitant; (b) pH = 5.1, Na2C2O4 precipitant; (c) pH = 8.5, Na2C2O4 
precipitant; and (d) pH = 10.4, Na2C2O4. (From Thomas et al.24)

Figure 1.9 Effect of poly(acrylic) acid (PAA) 
additions on the particle size of 
continuously precipitated zinc 
oxalate. (From Mydlarz et al.25)
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1.3 PRECURSOR POWDER SYNTHESIS  15

precipitated under otherwise identical conditions with and without PAA additions. 
In the presence of 64 ppm low molecular weight PAA (2000 mol wt), the particle size 
distribution is narrow, with the majority of particles below 2 μm.

The growth of particles by hydrolysis and condensation reactions can lead to 
precursors with seemingly random structures. Such kinetic growth processes have 
been simulated using growth laws based on interaction type (i.e., monomer–cluster, 
cluster–cluster) and growth limiting mechanism, such as diffusion, reaction, or bal-
listic.26 Figure 1.10 shows simulated precursor structures that result when the differ-
ent combinations of interaction types and growth limiting steps are modeled. Such 
simulations can be applied to real systems by coupling them with fractal geometry 
concepts and experimental scattering data.27

Fractal geometry provides a means of quantifying the structures of objects such as 
those shown in Figure 1.10. Mass fractals are objects in which the object mass (m) 
and radius (r ) are related according to m ∝ r dm, where dm  is called the mass fractal 
dimension and is less than 3. Physically, this means that the density of a mass fractal 
decreases with increasing radius, since density, ρ, is related to r and m by the rela-
tion, ρ ∝ m/r3. The complex structures shown in Figure 1.10 are characterized by 
a single fractal dimension (shown as D in the fi gure). The surface roughness of an 
object can be quantifi ed by what is called the surface fractal dimension, ds . Surface 
fractals are defi ned by the relation S ∝ r ds, where S is the surface area. For example, 
a smooth object will have a surface fractal dimension of two, as is the case for a 
smooth sphere. Fractally rough objects have surface fractal dimensions that range 
between 2 and 3.

Figure 1.10 Structures resulting from simulations using various kinetic growth 
models.27 Fractal dimensions are listed for 3-d clusters even though 
their 2-d analogs are shown. Each cluster contains 1000 primary par-
ticles. (Simulations by Meakin.26)
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16 POWDER AND PRECURSOR PREPARATION . . . Chapter 1

The scattering at small angles of various forms of incident radiation provides 
a means of obtaining the fractal properties of real systems. Small-angle scattering 
of X-rays (SAXS), neutrons (SANS), and visible light (either static or quasi-elastic 
[QELS]) gives structural information on length scales from 1 Å to 1 μm.5, 27 An 
investigation by Schaefer and Keefer28 of the hydrolysis and condensation of silicates 
is representative of the application of SAXS to ceramic precursor systems. Results 
from their study are shown in Figure 1.11 and illustrate the expected power-law 
dependence of scattering intensity versus the wave vector, K, for the Porod region 
of scattering space. In the Porod region, fractal properties are related to the slope of 
a plot of the log(Scattering Intensity) versus log K (as shown in Figure 1.11).27 The 
hydrolysis and condensation of silicates is a good example of the importance of syn-
thesis conditions in controlling precursor structure in sol–gel processing.

Through the appropriate aging of hydrolysis products, monodisperse particles 
with a wide variety of morphologies can be formed as shown by the examples given 
in Figure 1.12. The processes involved in the growth of such particles are not well 
understood and are a complicated function of system solution chemistry and pro-
cessing conditions. The complexities are discussed in excellent reviews of the hydro-
lysis of iron(III) salts30 and phase transformations of iron oxides, oxyhyhroxides, 
and hydrous oxides in aqueous media.31 Along with the techniques already dis-
cussed, a method known as cryo-TEM has been used to study particle growth. In 

Figure 1.11 Porod plots of scattering data of silicates polymerized under a variety 
of conditions (from a study by Schaefer and Keefer28): (a) two-step 
acid-catalyzed tetraethoxysilane (TEOS) system; (b) two-step acid- 
and base-catalyzed TEOS system; (c) one-step base-catalyzed system 
TEOS system (W = 1); (d) one-step base-catalyzed system TEOS sys-
tem (W = 2); (e) aqueous silicate system, LUDOX®. W is the water/
silica ratio.
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1.3 PRECURSOR POWDER SYNTHESIS  17

cryo-TEM, samples are prepared by placing a droplet of solution on a holey car-
bon grid suspended in a controlled environmental chamber. The grid is blot-
ted to produce thin liquid fi lms in the grid holes. The grid is then plunged into 
liquid ethane (at about –180 °C) to vitrify the solvent. The fast-frozen structures 
are directly imaged by TEM using a cold-stage sample holder. A study by Bai-
ley and co-workers32 on the growth mechanisms of iron oxide particles from the 
forced hydrolysis of ferric chloride solutions is an example of the application of this 
technique. Cryo-TEM (Figure 1.13) results from their study show how rod-like 

Figure 1.12 TEM and SEM photomicrographs of homogeneously precipitated 
metal oxides and hydroxides: (a) aluminum hydroxide particles 
obtained by aging a 0.002 M solution of Al(SO4)3 at 97 °C for 48 h 
(TEM); (b) hematite, a-Fe2O3, particles formed by aging a solution 
0.032 M FeCl3 + 0.005 M HCI at 200 °C for 2 weeks (SEM). (c) boehmite, 
a-AIOOH, particles formed by aging a 0.0030 M solution of Al(CIO4)3 
at 125 °C for 12 h (SEM). (d) alunite, Fe3(SO4)2(OH)5·2H2O, particles 
formed by aging a 0.18 M Fe(NO3)3 + 0.27 M (NH4)2SO4 solution at 
80 °C for 1.5 h (SEM). (From Matijevic.29)
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18 POWDER AND PRECURSOR PREPARATION . . . Chapter 1

particles of akaganeite (β-FeOOH) that form initially aggregate into rafts of rods 
with aging. Upon further aging, the more stable hematite phase (α-Fe2O3) nucleates 
within the rafts and eventually the akaganeite is completely converted to hematite. 
This example illustrates how crystalline primary particles can be formed by a con-
trolled aggregation process.

Figure 1.13 Cryo-TEM and dried TEM photomicrographs illustrating the growth 
of hematite (a-Fe2O3) cubes by the aggregation and conversion of 
akaganeite (b-FeOOH) rods: (a) cryo-TEM of akaganeite particles 
formed after heating a 0.45 M FeCl3 and 0.01 M HCl solution at 
150 °C for 13 min; (b) cryo-TEM of akaganeite particles aggregated 
into rafts after 1 h of aging; (c) dried TEM sample after 3 h of aging 
(inset electron diffraction pattern of a single raft shows crystallo-
graphic alignment of the akaganeite rods [marked A] and the pres-
ence of hematite [marked H]); (d) dried TEM sample showing fully 
converted hematite cubes formed after 24 h of aging. (From Bailey 
et al.32)
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1.3 PRECURSOR POWDER SYNTHESIS  19

Nucleation

Homogeneous nucleation is the formation of new particles from a solution as a result 
of supersaturation alone. For the process to be spontaneous, there must be a net 
reduction in free energy. In a supersaturated system, clusters of molecules are con-
tinuously forming and redispersing. Their free energy is made up of two parts—a 
volume free energy resulting from bond formation and a surface free energy resulting 
from the formation of a new surface. The surface free energy is always positive. For 
nucleation to occur, the volume free energy must be suffi ciently negative to overcome 
the positive surface free energy so that the cluster will not decompose spontaneously. 
As the cluster size increases, the net free energy goes through a maximum value called 
the critical free energy of nucleation. In a suffi ciently supersaturated solution, this 
barrier to nucleation can be overcome and stable nuclei are produced. Subsequent 
growth of these nuclei can further reduce the free energy of the system. Classical 
nucleation theory is derived based on these free energy considerations. The kinetics 
of nucleation can be described by combining the classical theory with expressions for 
particle growth kinetics (described in the previous section) that account for depletion 
of supersaturation.33, 34

Homogeneous nucleation dominates at high levels of supersaturation. New par-
ticles may be created in less supersaturated solutions by heterogeneous nucleation, 
secondary nucleation, and attrition. Heterogeneous nucleation, the formation of 
crystals on submicroscopic insoluble materials (preexisting surfaces), occurs in sys-
tems of moderate supersaturations; growth on substrate materials is energetically 
more favorable since it reduces the energy barrier by having to create less new sur-
face. At lower levels of supersaturation, secondary nucleation can take place. It is 
induced by the presence of other crystals. The creation of new particles by attrition 
results from the mechanical breakage of larger crystals. Because ceramic applica-
tions require fi ne powders, solution processes are normally operated so that homo-
geneous nucleation dominates since it produces the highest nucleation rates (i.e., 
the greatest number of particles).

Characterization of the nucleation process is diffi cult because of experimental 
problems in accurately measuring supersaturation, in differentiating between nuclei 
and clusters in solution, and in measuring nuclei densities. The most common 
technique used to characterize nucleation is to mix solutions rapidly to induce 
precipitation (assuming that mixing time is much shorter than the induction 
time for nucleation). After allowing the nuclei to grow with no agglomeration, 
the particles are counted using various particle-sizing techniques, including image 
analysis of TEM, SEM, or optical photomicrographs, light scattering, and zone 
sensing. Figure 1.14 shows typical nuclei densities (N ) as a function of initial 
supersaturation for the formation of crystalline Ca(OH)2 and Mg(OH)2·35 The 
nuclei concentrations were determined by analysis of optical and TEM photomi-
crographs. The relationship between log N and [log S]–2 supports the occurrence of 
homogeneous nucleation.
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20 POWDER AND PRECURSOR PREPARATION . . . Chapter 1

The nucleation of particles leading to the formation of sols for the case in which 
polymerization reactions dominate (sol–gel) is shown schematically in Figure 1.15 
for aqueous silicates. The fi gure shows how monomeric species react to form particles 
or gels, depending on the reaction conditions used. These processes are studied as a 
function of time using the same techniques described in the section on speciation. 
For example, the hydrolysis of zirconyl chloride has been followed by small-angle 
X-ray scattering to obtain information on cluster sizes in solution.37

Figure 1.14 Particle number density data as a function of initial supersaturations 
for the Ca(OH)2 and Mg(OH)2 systems. Regions indicative of homoge-
neous and heterogeneous nucleation are shown on the graph. (From 
Bandarkar et al.35)

Figure 1.15 Polymerization pathways for the formation of (a) sols and (b) three-
dimensional gel networks in the aqueous silica system. (From ller.36)
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1.3 PRECURSOR POWDER SYNTHESIS  21

Analysis of the scattering data showed that the expected tetramer with a radius of 
gyration of 4 Å polymerizes to form either spherical or rod-shaped particles, depend-
ing on ZrOCl2 concentration.

Bailey and Mecartney38 used cryo-TEM to determine the formation mechanism 
of colloidal silica particles from alkoxides. Figure 1.16 shows the nucleation and 
growth sequence of silica particles observed by cryo-TEM. At 6 min into the reaction 
there are no visible particles. Low-density, 26-nm-sized particles form after 16 min. 
These particles collapse into high-density, 20-nm particles after 24 min. Finally, the 
fi gure shows the particles have grown to an average size of 66 nm after 66 min. This 
information along with NMR results led to the nucleation and growth mechanism 
shown schematically in Figure 1.17.

Figure 1.16 Growth sequence observed by cryo-TEM for particles prepared 
from a solution of 0.17 M tetraethoxysilane (TEOS), 1.0 M H2O, and 
1.0 M NH3 in n-propanol: (a) sample frozen 6 min into reaction, no 
particles visible; (b) sample frozen 16 min into reaction (arrow indi-
cates low-density particle), average particle size 26 nm; (c) sample 
frozen 24 min into reaction (arrow indicates high-density particle), 
average particle size 20 nm; and (d) sample frozen 66 min into the 
reaction, average particle size 48 nm. (From Bailey and Mecartney.38)
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22 POWDER AND PRECURSOR PREPARATION . . . Chapter 1

Particle nucleation rate (B) is often related to crystal growth rates by the empirical 
expression, B = KGi, where i is the order of the nucleation process and K is a con-
stant.39 At low to moderate supersaturation levels, the order of nucleation parameter 
is commonly about 2. Higher values of i have been found for systems operated under 
high supersaturation conditions, as shown in Figure 1.18 for continuously precipi-
tated yttrium hydroxynitrate. The hydroxynitrate nucleation and growth rates values 
were obtained from analysis of particle size data measured by image analysis of TEM 
photomicrographs. In the fi gure, the hydroxynitrate results compare favorably to the 
power law expression found by Wey et al. for AgBr.40 The values of i of 5.1 (yttrium 
hydroxynitrate) and 4 (AgBr) can be explained theoretically by assuming (1) the 
growth rates of large crystals follow a second-order dependence (i.e., G = K(S-1)2); 
(2) nucleation is controlled by surface reaction of lattice ion-containing species; and 
(3) the dissolution of nuclei is controlled at the molecule integration step.34 The 
results shown in Figure 1.18 illustrate the similarity in nucleation and growth of a 
simple sparingly soluble salt (AgBr) and a crystalline hydroxide in which hydrolysis 
reactions dominate.

Agglomeration

Agglomerates, or secondary particles (as they have been defi ned) nucleate from col-
lisions between primary particles. They grow by further collisions with other pri-
mary particles or agglomerates. The kinetics of the aggregation process have been 
extensively studied and are described by incorporation of particle number density, 
particle size and morphology with system hydrodynamics, and interparticle forces 
(see the section “Chemical Synthesis of Powders”).41, 42 Agglomeration is stud-
ied using techniques already described to characterize particle surface properties 
and particle size distributions. For example, a study by Zukoski and co-workers43 
illustrates how particle surface charge can be used to inhibit agglomeration dur-
ing particle growth. In their work, acid additions were used to control the surface 

Figure 1.17 Growth mechanism for the formation of monodisperse colloidal silica particles 
from alkoxides. (From Bailey and Mecartney.38)
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1.4 SUMMARY  23

charge of growing hydrous titanate particles formed by the hydrolysis of tetraethyl-
ortho titanate in ethanol. Figure 1.19 shows TEM results for titanate particles formed 
with and without electrostatic stabilization. Without the addition of HCl, electro-
phoretic mobility measurements showed that the particles were very weakly charged, 
which allowed agglomerates to form (left side of Figure 1.19). Those agglomerates 
were relatively strong due to neck growth by solute deposition at primary particle 
contact points. When agglomeration was prevented through electrostatic stabiliza-
tion (acidic conditions), monodisperse, spherical particles formed as shown in the 
right side of Figure 1.19.

1.4 Summary

The techniques used to characterize ceramic powders have been briefl y reviewed. 
Powder physical characteristics such as particle size distribution, particle morphol-
ogy, surface area, and state of agglomeration are of critical importance in estab-
lishing a powder’s processability and activity toward sintering (see Chapter 5 by 
Ewsuk). Of equal importance is the characterization of a powder’s chemical prop-
erties (i.e., stoichiometry, phase assemblage, impurity levels, etc.). The processes 
involved in particle formation by solution methods have been discussed by compar-
ing the precipitation of sparingly soluble salts powder preparation approach with

Figure 1.18 Particle nucleation rate (Bc) as a function of particle growth rate (Gc) 
for the precipitation of yttrium hydroxynitrate at a pH between 7.8 
and 8.8. Also plotted are the results of Wey et al.40 for the precipita-
tion of AgBr. The cs values given in the figure are the approximate 
values of the concentration of metal ions at equilibrium for the two 
systems.

imo-loehman-type-01.indd   23imo-loehman-type-01.indd   23 2/15/10   3:12 PM2/15/10   3:12 PM



24 POWDER AND PRECURSOR PREPARATION . . . Chapter 1

the sol–gel synthesis method. As shown by the examples used in this chapter, a wide 
range of techniques are required to characterize both the solution chemistry that 
occurs during particle synthesis and the processes involved in particle nucleation, 
growth, and agglomeration.
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2

Powder Preparation by Gas-Phase Techniques

carol l. jones adkins
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2.1 Introduction

Today, gas-phase processing plays an important role in the commercial production of 
a number of ceramic powders.1 These include titanium dioxide, carbon black, zinc 
oxide, and silicon dioxide. The total annual output of these materials is on the order 
of 2 million tons.1 The physical processes involved in gas-phase synthesis are typi-
cal of those involved in solution-phase synthesis—chemical reaction kinetics, mass 
transfer, nucleation, coagulation, and condensation.

Since the phenomena associated with ceramic processing begin with preparation 
of the starting powder, new techniques and methods for synthesizing high-purity, 
non-agglomerated, well-characterized, submicron powders having a narrow size dis-
tribution are constantly being sought. Gas-phase synthesis methods offer a number 
of benefi ts in the production of ceramic powders. These are: (1) direct formation of 
the particulate—calcining is not generally required as a separate step; (2) complex 
oxide formation is possible; (3) intimate mixing of the components; (4) high purity; 
(5) size distribution control; and (6) waste minimization. Perhaps the greatest disad-
vantages to gas-phase synthesis are the diffi culty of the processes and their control, 
and lack of a full understanding of the relationship between the physical processes 
involved and their impact on the resulting product powder morphology.
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30 POWDER PREPARATION BY GAS-PHASE TECHNIQUES Chapter 2

Gas-phase powder synthesis techniques include aerosol precursor thermal decom-
position, vapor precursor thermal decomposition, thermal plasma processing, glow 
discharge processing, rapid expansion of supercritical fl uid solutions, laser-heating, 
and electron-beam evaporation methods. The scope of this chapter will be limited 
to the two thermal decomposition techniques, plasma processing, and the new, but 
exciting, powder synthesis technique using supercritical fl uid solutions.

2.2 Powder Production by Thermal Decomposition 
 Techniques

The term “thermal decomposition” describes those processes in which powder pro-
duction results from the thermally driven decomposition or reaction of a precursor 
material. That precursor material may be delivered to the reactor either as an aerosol 
or a vapor. The two processes differ in that the formation of the powder is initiated 
by drying and reaction in the former, and nucleation and coagulation in the latter. 
Consequently, although the two processes and the associated apparatus appear quite 
similar at fi rst glance, further inspection reveals that the physical phenomena driving 
them differ signifi cantly.

Aerosol Precursor Processes

Processes characterized by the use of an aerosol precursor source are known by a 
variety of terms—spray pyrolysis, spray roasting, evaporative decomposition, and 
aerosol decomposition, to name a few. A schematic of a generic thermal decom-
position apparatus is presented in Figure 2.1 and the aerosol precursor source is 

Figure 2.1 Schematic of a generic thermal decomposition aerosol reactor: (a) vapor-feed 
precursor source and (b) aerosol-feed precursor source.
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2. 2 POWDER PRODUCTION BY THERMAL DECOMPOSITION TECHNIQUES  31

represented in Figure 2.1b. A carrier gas fl ows through an aerosol generator, carrying 
the precursor material into the furnace reactor. Choice of the carrier gas depends on 
whether or not it is involved in the decomposition reaction of the precursor material. 
The aerosol generator used could be an atomizer, an ultrasonic generator, a nebulizer, 
or a spray gun. The only requirement is that the precursor material must be formed 
into an aerosol that can be carried into the reactor. However, the technique chosen 
affects the ultimate size distribution and number concentration of the product pow-
der. The product aerosol is collected at the reactor outlet. For laboratory equipment, 
fi ltration is often an adequate collection method. If high aerosol throughput is 
generated, alternate methods may have to be explored.2

Solutions of precursor materials, be they ionic species, molecular species, or a 
suspension of a precursor powder, are converted to the desired ceramic powder 
product through the following steps: (1) formation of the initial precursor aerosol; 
(2) solvent evaporation and solute precipitation; and (3) thermal decomposition of 
the solute to a ceramic powder in the reactor (see Figure 2.2). As mentioned above, 
the nature of the initial precursor aerosol—both size distribution and number 
concentration—is determined by the aerosol generator chosen and affects the out-
put aerosol. The concentration of the precursor solution also affects the size of the 
output aerosol since the “dry,” unreacted particle can be no smaller than the size 
determined by the solution concentration. Advantages of the spray pyrolysis tech-
nique include precise control of the product stoichiometry and formation of loosely 
or un-agglomerated powders. Depending on the technique chosen for the initial pre-
cursor aerosol generation, high throughput is also possible. The primary disadvan-
tage of this method is poor control of the particle morphology. Hollow or porous 
particles are often formed and can result in low green-body densities and subse-
quent densifi cation problems.

A considerable amount of effort has gone into trying to understand the require-
ments for formation of solid particles,3–6 since this incomplete understanding is one 
of the major impediments to widespread commercial use of spray pyrolysis pro-
cessing. Typically, these studies have focused on control of the solvent evaporation 

Figure 2.2 Schematic representation of product formation in a spray pyrolysis 
process.
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32 POWDER PREPARATION BY GAS-PHASE TECHNIQUES Chapter 2

process. As might be expected, evaporation behavior is highly dependent on the 
chemical system chosen. Leong3, 4 determined that a nuclei-free solution, a solute 
having high solubility, and low drying rates favored the formation of solid particles. 
Zhang and Messing5 studied the formation of zirconium oxide particles using a spray 
pyrolysis approach. A variety of precursor materials (e.g., zirconium acetate, zirconyl 
chloride, zirconyl nitrate, zirconyl hydroxychloride) having a range of solubilities in 
water was studied. An atomizer was used that had been characterized with respect 
to droplet size as a function of solution properties. The morphology of the powders 
produced was found to depend strongly on the relative saturation (the ratio of the 
initial solution concentration to the saturated concentration, Ci /Cs) of the solution. 
Those precursors having high relative saturations reached their solubility limit at the 
surface very quickly upon exposure to the furnace temperatures and formed a crust. 
The internal liquid volume then continued to evaporate, building up pressure, until 
the salt-encrusted droplet exploded. Precursors having a low relative saturation lost 
solvent and shrunk to smaller sizes before saturation levels were reached. Concentra-
tion gradients are more likely to be uniform in smaller particles since the diffusion 
distance is minimized. Lowering the initial solution concentration for a given precur-
sor also was more likely to result in solid particles. The fi nal oxide powder diameter, 
Dp, was predicted by the equation

log Dp = ⅓log(Ci/Cs) + logDi  + ⅓logA

where Di is the initial aerosol diameter out of the atomizer and A is a constant that 
depends on the oxide yield of the precursor, the oxide and salt densities, and the par-
ticle porosity. Summarizing the results, high-solubility precursors, low-concentration 
solutions, and small initial particles have the greatest likelihood of producing solid 
particles. Clearly, optimization must occur for individual precursors because merely 
following these guidelines could lead to unacceptably low powder throughputs. An 
alternate approach was used by Ortega et al.6 in the production of dense barium 
calcium titanate (Ba0.86Ca0.14TiO3) powders. Hollow and porous particles were 
formed, but at suffi ciently high reactor temperatures they were densifi ed to solid 
spheres in the aerosol phase.

The work of Cesarano et al.7 is another variation of the spray pyrolysis tech-
nique. Powders in the size range 0.1–1 μm were desired for use in forming mullite 
(3Al2O3·2SiO2) compacts. The starting precursors, boehmite platelets 70 × 40 nm 
and silica spheres of 30 nm, were too small for optimal processing. A boehmite/silica 
water suspension was nebulized into an air furnace at 700 to 1300 °C. The resulting 
particles (see Figure 2.3) were a composite of silica and alumina having the correct 
ratios for mullite and in the appropriate size range. This powder was then formed 
into a green body and fi red to formed dense mullite by reaction.

The gas-phase spray pyrolysis technique is not limited to the production of 
oxide ceramic powders. Lindquist et al.8 used this method to generate boron nitride 
powders by the decomposition of poly(borazinylamine) solutions. The process was 
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conducted under anhydrous and oxygen-free conditions at 1000 °C. Hollow, porous, 
amorphous boron nitride powders were produced. On heating to 1600 °C, dense, 
spherical, hexagonal boron nitride resulted.

Vapor Precursor Processes

The generic apparatus used in a vapor precursor process is very similar to that used 
in spray pyrolysis, except that the precursor material is introduced to the reactor 
as a vapor (see Figure 2.1, 2.1a). If the precursor is a liquid, carrier gas is typically 
bubbled through it. If the precursor is a solid, then the carrier gas is often passed 
through a heated, packed bed of the material. The vapor-laden carrier gas then fl ows 
to a furnace reactor, where thermal decomposition of the precursor occurs and par-
ticle formation results. Product powder is collected or measured at the reactor outlet. 
Flame processes also fall into the vapor precursor/thermal decomposition category 
of gas-phase powder synthesis. The only difference is that the thermal energy is pro-
vided by combustion as opposed to an external source.

The physical processes involved in the formation of a powder from a vapor pre-
cursor (see Figure 2.4) are (1) reaction of the gaseous precursor molecules to form 
product vapor, (2) supersaturation of the product vapor resulting in ultrafi ne clus-
ters formed by homogeneous nucleation, (3) coagulation of the clusters, and (4) 
vapor condensation onto the clusters. The relative importance of these various pro-
cesses determines the number concentration and size distribution of the product 
aerosol. Many researchers have modeled the powder formation process in order to 
better understand the interplay among these various steps.9–13 For ceramic spe-
cies, the critical stable nuclei, as defi ned by classical nucleation theory, typically 
are monomers, or single-product molecules. Nucleation and chemical reaction are 
therefore indistinguishable, and coagulation and condensation become the driving 
forces for particle growth.10 High source or fast reaction-rate systems dominated 
by coagulation typically result in broad particle size distributions. On the other 
hand, runaway nucleation can be suppressed by controlling the reaction rate such 
that the initially formed particles act as “seeds” and scavenge the new molecules as 
they are formed. Narrower size distributions result since coagulation of clusters is 

Figure 2.3 SEM of mullite precursor, alu-
mina–silica composite powders 
produced in an aerosol reactor 
at 1000 °C.7
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no longer the primary mechanism of growth.9 Whereas the number concentration of 
the product aerosol depends on the initial aerosol generation technique in the aerosol 
precursor method discussed in the previous section, for vapor precursor synthesis 
product number concentration is controlled by both the reaction/nucleation and 
coagulation rates. Clearly, powder production from vapor-fed thermal decomposi-
tion follows a very complicated mechanism. Only recently have design correlations 
based on the modeling results been developed to aid engineers in determining the 
relationship between process variables and powder characteristics.11–13

The commercial production of titania pigment is accomplished using titanium 
tetrachloride (TiCl4) as the precursor. Upon reaction with oxygen, titania (TiO2) 
and chlorine gas (Cl2) are formed. This reaction is typically run at temperatures 
on the order of 1000 °C and can be performed either in an externally heated reac-
tor or a combustion fl ame. Seed particles are used and the reaction is quenched 
to prevent excessive growth.14 Note that these processing conditions are typical of 
those used when coagulation is to be minimized. Alternatively, the hydrolysis or 
pyrolysis reactions of titanium alkoxides to titania can be carried out at lower tem-
peratures.15–18 Okuyama et al.18 studied the thermal decomposition of titanium 
isopropoxide (Ti(OC3H7)4) and the subsequent formation of titania. The precur-
sor alkoxide was vaporized and carried into the reactor furnace by an inert carrier 
gas. The carrier gas was carefully dried to avoid hydrolysis reactions. A variety of 
aerosol instrumentation was used to measure the resulting titania powder size dis-
tribution characteristics. Particle size distributions having a mean on the order of 
0.01–0.06 μm and a total number concentration on the order of 108 particles/
cm3 were generated. The distribution shifted to larger sizes as the mean reactor 
temperature was increased from 400 to 600 °C. A broadening of the distribution 

Figure 2.4 Schematic representation of product formation in a vapor precursor 
process.
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was also observed. This behavior is consistent with model predictions that as the 
source, or reaction, rate is increased, coagulation of clusters dominates particle growth. 
Particles produced at temperatures greater than 400 °C were found to be anatase tita-
nia. Amorphous particles were produced at temperatures less than 400 °C. Simi-
lar results were also found for the thermal decomposition of silicon tetraethoxide 
(Si(OC2H5)4) and aluminum tri-sec-butoxide (Al(OC4H9)3) into amorphous silica 
and amorphous alumina, respectively.

2.3 Powder Production by Plasma Techniques

Both thermal (equilibrium, high temperature) and glow discharge (nonequilibrium, 
low temperature) plasmas have been used in ceramic synthesis. Thermal plasmas 
are characterized by extremely high temperatures of both the gas and electrons. At 
these high temperatures, chemical reaction rates are much faster than those found 
in conventional processing.19 Glow discharge plasmas are characterized by high elec-
tron temperatures, but only slightly elevated gas temperatures. Chemical reaction is 
driven by the interaction of electrons with the gas-phase species.20

A schematic of a generic, thermal rf-plasma reactor is shown in Figure 2.5. The 
precursor material is fed to the tail fl ame of the plasma through a water-cooled 
probe. The exact location of the injection depends on the nature of the precursor 
material. A solid precursor may be fed upstream of the plasma so that it can experi-
ence the high temperatures necessary for vaporization.21 Indeed, the precursor may 
be gaseous, liquid, or solid. The hot gases are then quenched. Quench rates can be 
on the order of 103–108 K/s.21 Powder formation begins as the gases cool and the 
quench rate affects the nature of the powder produced. The physical processes 
are similar to those involved in the vapor precursor/thermal decomposition pro-
cess (see Figure 2.6). A gaseous precursor source is generated by the plasma. No 
particle formation occurs because the saturation ratio is low and the evaporation 
rate is high. Upon quenching, supersaturation of the product vapor results and 
nucleation occurs. Particle growth then proceeds as a result of coagulation and 
condensation. There is a transition region in which both evaporation and coagula-
tion are important and modeling of the process has shown that this strongly affects 
the resulting particle size.22

Nitrides, carbides, and oxides have all been synthesized using thermal plasmas. 
Vogt et al.23 used a thermal rf-plasma reactor to synthesize silicon carbide (SiC) pow-
ders. A pure argon plasma at roughly atmospheric pressure was used. The gaseous 
precursors, silane premixed with methane, were injected into the tail fl ame. Pure 
β-phase crystalline silicon carbide powders were formed. The primary particle diam-
eter ranged from 10–60 nm, although agglomeration resulted in an apparent particle 
size of greater than 0.1 μm. By varying the precursor injection location within the 
tail fl ame, Vogt et al. altered the powder surface area. Reactant feed rates and quench 
gas properties also affected the mean particle size.
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A slightly different approach was used by Suzuki et al.24 to generate various metal 
titanate powders in a thermal rf-plasma reactor. Solutions of the appropriate metal 
salts were ultrasonically atomized and transported into the plasma using an argon 
carrier gas. For instance, a mixed solution of strontium nitrate (Sr(NO3)2) and tita-
nium tetrachloride (TiCl4) was used to form 10–50 nm strontium titanate (SrTiO3) 
powders. In order to produce barium titanate (BaTiO3) powders, solutions of barium 
nitrate (Ba(NO3)2) and (NH4)2TiO(C2O4)2 were atomized and introduced into the 
reactor separately.

The powder formation process in a glow discharge plasma—chemical reaction, 
supersaturation, nucleation, growth by condensation and coagulation—is similar to 
that in a thermal plasma. However, as was mentioned earlier, the driving force for 
chemical reaction differs, and the processes of coagulation and condensation can 
be considered to occur under isothermal conditions. Ho et al.20 used an rf glow 
discharge plasma to synthesize silicon nitride (Si3N4) precursor powders from silane 
(SiH4) and ammonia (NH3). The reactor pressure was maintained at approximately 

Figure 2.5 Schematic of a generic thermal 
rf-plasma aerosol reactor.
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1 torr. A fi lter was used to trap the powder an the vacuum pump inlet port. It was 
found that the silicon to nitrogen ratio in the product powders could be varied by 
changing the silane to ammonia ratio in the feed gas. As synthesized, the powders 
contained a lot of hydrogen. The primary particles ranged from 10 to 200 nm in 
diameter and were highly agglomerated. No trends in the particle size with respect to 
processing parameters were observed. Heat treatment at 1600 °C for 8 h transformed 
the powders into crystalline silicon nitride.

2.4 Powder Production by Supercritical Fluid Techniques

A supercritical fl uid is defi ned as a material above its critical temperature and criti-
cal pressure (see Table 2.1). These fl uids are characterized by “gas-like” transport 
properties and “liquid-like” densities. They also offer a greatly enhanced solvating 
capability in comparison with gases. Recently, the use of supercritical fl uids has 
been applied to the generation of ceramic powders.26–28 The rapid expansion of a 
supercritical fl uid solution results in the formation of a powder.26, 27 As the pressure 
is reduced, the solubility of the solute decreases and supersaturation occurs. Stable 

Figure 2.6 Schematic representation of product formation in a plasma process.

Solvent
Critical 

Temperature, °C
Critical 

Pressure, atm

Carbon dioxide  31  72.9

Ammonia  132.5  112.5

Water  374.1  218.3

Nitrous Oxide  36.5  71.7

Isopropanol  235  47

Ethanol  243  63

Table 2.1 Critical properties of common fluids.25
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nuclei are formed and coagulation and condensation result in particle growth. The 
process is much like that which occurs in the vapor precursor/thermal decomposition 
process. The advantages of this process include (1) waste minimization since the pro-
cess fl uid is recyclable, (2) submicron powder formation, and (3) “nonequilibrium” 
products as a result of the rapid particle formation. Disadvantages include (1) the 
high-pressure operation and (2) a general lack of information and understanding 
about the behavior of supercritical fl uids.

A schematic of a generic rapid expansion of supercritical fl uid solutions (RESS) 
process is shown in Figure 2.7. The working fl uid is compressed to a supercritical 
condition and fl ows to a vessel containing the bulk material that is to be dissolved. 
Solute-rich fl uid fl ows to a collection chamber where it is allowed to expand through 
a nozzle. The gaseous working fl uid passes out of the chamber. In the laboratory the 
gas is typically vented, although it could easily be recycled.

Matson et al.27 have used the RESS process to produce silica powders from super-
critical water. The solubility of silica in water at 500 °C and 1000 atm is 2600 ppm.26 
It was found that the size of the product depended strongly on the silica concentra-
tion in the supercritical fl uid prior to expansion. Particle sizes ranged from 0.1 to 
0.5 μm in diameter. The morphology of the particles was found to depend on the 
nature of the expansion nozzle—an orifi ce nozzle produced elongated particles, while 
a capillary nozzle produced spheres.

Pommier et al.28 produced spinel, MgAl2O4, powders in supercritical ethanol. In 
this case, the supercritical fl uid served as a reactive medium as opposed to merely a 
carrier fl uid. A 0.1 M solution of the precursor material, Mg(Al(OR)4)2 where R is 
a sec-butyl group, was charged into a high-pressure reactor. The reactor was pressur-
ized and heated. The vessel was then depressurized and the powders collected and 
dried. Primary particle sizes ranged from 0.04 to 0.2 μm, although due to agglomera-
tion the light scattering measurements indicated particle sizes on the order of several 
microns. Low levels of residual organic were detected after drying and the particles 
were approximately 10–30% crystalline. After annealing at 1000 °C for an hour, 
complete crystallization was obtained.

Figure 2.7 Schematic of a supercritical fluid rapid expansion powder production 
apparatus.
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2.5 Powder Characterization

As with powders prepared using solution techniques, the most important physical 
properties of gas-phase generated ceramic powders are the size distribution, particle 
morphology, surface area, and degree of agglomeration. These properties can either 
be measured after the powder is collected, or while the powder is being generated 
using in situ techniques or traditional aerosol measurement instruments. The chemi-
cal properties of the powder can be determined using the techniques described in the 
previous chapter on solution techniques and need not be repeated here.

Gas-phase measurement techniques can be divided into two categories—in situ 
and extractive. Light-scattering techniques fall into the former category while tra-
ditional aerosol measurement instruments fall into the latter. Extractive techniques 
require that a sample of the aerosol-laden gas be removed from its environment and 
transferred to the location where the measurement is made. The transfer must be 
made without biasing the sample, which is often diffi cult to accomplish. In situ tech-
niques can often overcome these limitations.

Table 2.2 Selected on-line particle measurement instruments.

Instrument Type
Property 
Measured

Approximate 
Size Range, µm

Approximate 
Concentration 

Range, 
particles/cm3

Electrical aerosol 
  analyzer

extractive electrical mobility 0.003–1.0 10–107

Condensation 
  nuclei counter

extractive number 0.003–1.0 10–2–107

Optical/laser 
  particle counter

extractive scattered light ≥0.3 ≤105

Differential mo- 
  bility analyzer

extractive electrical mobility 0.005–1.0 ≤108

Diffusion battery extractive Brownian diffusion 0.005–0.2 ≤108

Phase doppler 
  particle analyzer

in situ frequency of 
  Doppler-shifted 
  scattered light

1–8000 ≤106

Ensemble diffrac- 
  tion instruments

in situ ensemble diffrac-
  tion pattern

1–300 ∼104–109

Dynamic light 
  scattering

in situ degree of spectral 
  broadening by 
  Brownian motion

0.01–1 ∼104–109
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There have been many good reviews published on in situ29, 30 and extractive31–33 
gas-phase measurement techniques and sampling and transport issues.34 Listed in 
Table 2.2 is basic information about a number of on-line particle measurement 
instruments. It should be noted that specifi c instruments within a general class may 
or may not cover the whole diameter or number concentration ranges given. Manu-
facturer specifi cations should be sought. New measurement techniques (e.g., in situ 
Raman scattering35) are constantly being developed. Some of the issues important to 
ceramic powder synthesis include high particle concentrations (many of the extrac-
tive instruments cover only a limited concentration range), ultrafi ne particles, and 
fractal agglomeration (new techniques are being developed that allow traditional 
techniques to address the fractal issue36). The use of either extractive or in situ on-
line particle measurement allows for greater process control as a function of time and 
the optimized production of a ceramic powder.

2.6 Summary

Many unique gas-phase powder synthesis techniques have been developed in the 
laboratory—aerosol precursor thermal decomposition, vapor precursor thermal decom-
position, thermal plasma processing, glow discharge processing, rapid expansion of super-
critical fl uid solutions, laser-heating, and electron beam evaporation methods. All offer 
the advantages of clean processing, intimately mixed components, waste minimization, 
and a controllable particle size distribution. Those techniques that involve the nucleation 
process also offer the added benefi t of high number concentrations. The commercializa-
tion of these technologies will depend on the added value these benefi ts bring to 
the ceramic powder product. Clearly, additional work is needed to understand these 
processes fully at a fundamental level and transfer these technologies to industry.
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3.1 Introduction

Ceramic fi lms and coatings are used for a wide variety of purposes, all of which take 
advantage of the special properties of ceramic materials. The insulating nature of 
most ceramic fi lms and coatings makes them a natural choice for electrical isola-
tion in systems ranging from the microscopic, as in microelectronic circuits, to the 
massive, as in wires and heater elements. The refractory nature of ceramic coatings 
gives added protection to coated materials in high–temperature environments. The 
chemical inertness exhibited by many ceramic materials means that ceramic fi lms 
and coatings may be used to protect materials from reaction and corrosion in hostile 
environments. The extreme hardness of many ceramic coatings provides excellent 
mechanical protection against wear and deformation, while the natural lubricity 
of ceramic surfaces often allows elimination of additional lubricants for surfaces 
in moving contact. In fact, the combination of these properties, and others spe-
cific to particular ceramic materials, produces protective coatings of exceptional 
performance in a wide variety of applications. To date, the major limitation of appli-
cations of ceramic coatings is the inability to produce adherent coatings with the 
desired properties.
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In this chapter, some of the approaches for ceramic fi lm deposition and analysis 
are discussed. Section 3.2 discusses the most common methods of depositing ceramic 
fi lms and coatings: physical vapor deposition (PVD), chemical vapor deposition 
(CVD), solution and sol–gel techniques, and thermal spray processing. Formation of 
hard carbon coatings (primarily diamond and diamond-like fi lms) are discussed as a 
special topic. The remaining three sections of the chapter cover general characteriza-
tion and analysis of ceramic fi lms and coatings, broadly categorized into physical, 
chemical, and mechanical characterization. Since ceramic coatings are utilized for 
such a wide range of applications, numerous other types of analyses may be appro-
priate, including electrical resistivity, thermal conductivity, chemical reactivity, and 
optical and magnetic properties. However, due to the space limitations of this chap-
ter, the discussion is limited to properties that are important to almost every ceramic 
fi lm and coating. References 1 and 2 are excellent books for general fi lm and coatings 
information, especially for details of the basics of PVD and CVD fi lm deposition 
processes. References 2 and 3 are also good sources for information of PVD and 
CVD deposition processes, with ceramic fi lm example applications, including hard 
carbon coatings.

3.2 Film Deposition and Coating Processes

Physical Vapor Deposition

Physical vapor deposition (PVD) processes use vapor transport (usually in a vacuum) 
of a material from a solid or liquid source onto a substrate to form a coating. The 
most common PVD methods used to produce ceramic coatings include sputtering 
and ion-plating techniques and plasma processes utilizing compound ceramic source 
targets. Laser ablation and evaporation techniques may also be used to produce 
ceramic coatings. However, PVD methods yield primarily line-of-sight coverage and 
may have diffi culties coating substrates with complex shapes. In addition, because 
many ceramic materials do not vaporize or sputter congruently, the product fi lm 
often will not have the same stoichiometry as the starting target material. Such fi lms 
will typically be defi cient in the anodic species (for example, in oxide fi lms, the oxy-
gen concentration may end up being less than stoichiometric in the coated product). 
Often this problem may be corrected by backfi lling the deposition chamber with a 
small amount of the defi cient species (oxygen gas, for oxide fi lms), relying on chemi-
cal reactions to return the coating composition to stoichiometric values. The major 
advantages of PVD processes are the very wide range of deposition rates that are 
obtainable, as well as the ability to form dense fi lms at relatively low substrate tem-
peratures. In addition, coatings may be formed with nonequilibrium compositions, 
since the coating composition is generally a function of the target makeup and the 
ambient background gas during deposition.
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Chemical Vapor Deposition

Chemical vapor deposition (CVD) processes, on the other hand, rely on chemical 
reactions to produce the desired fi lm composition. The starting materials in a CVD 
reaction are often reactive organometallic gases. These gases react on or near the 
substrate surface to produce the desired fi lm composition. The CVD process may be 
very simple, relying only on thermal reaction of the starting materials, or it may be 
activated by any of the methods utilized for PVD processing, such as hot fi laments, 
ion sputtering, and plasma processing. Because CVD processes do not require line-
of-sight vapor transport, complex substrates may often be coated, especially if no 
activating processes are utilized. However, since the fi lm deposition processes rely 
on chemical reactions to form the desired coating composition, it is more diffi cult 
to produce coating compositions that vary from equilibrium values. Although this 
may restrict the choice of coating compositions, it allows reproducible fi lm composi-
tion, even if some of the deposition parameters vary slightly from specifi ed values. 
The major disadvantage of CVD processes is the high substrate temperature required 
for fi lm deposition. Although the substrate temperature can be lowered if activating 
processes are used, the rate of fi lm deposition and the ability to coat complex shapes 
are enhanced if the substrate temperature is raised.

Solution and Sol–Gel Techniques

Some ceramic coatings may be prepared by solution or sol–gel deposition tech-
niques. In the simplest case, the fi lm precursors are dissolved or suspended in a 
fl uid solution. The solution can be sprayed or brushed onto the substrate or the 
substrate can be dipped into the solution. The solvent is then evaporated and the 
ceramic coating is condensed to its fi nal structure. Postdeposition processing may 
include further chemical treatments designed to change the bonding or structure 
of the coating. The fi lm precursors may be soluble or may be very fi ne insoluble 
particles colloidially dispersed in the fl uid mixture to give fi lm deposition by solu-
tion techniques. For deposition by sol–gel techniques, the fi lm precursors are 
inorganic polymers where specifi c condensation reactions may be tailored to pro-
duce the desired coating properties. These methods provide a very inexpensive and 
relatively rapid way to coat materials; large or complex substrates may be coated 
with ease. The thickness of the coating is controlled by the concentration of the 
coating precursors in the solution and by the method of supplying the solution to 
the substrate. For sol–gel techniques in particular, variation in the structure of the 
deposited fi lm is controlled by precursor variables, including molecular weight (or 
particle size), structure (branched versus straight), reactivity, surface tension of the 
solvent, and the rate of evaporation of the solvent. Although only limited types of 
coatings may currently be deposited, the variety of available coating types is rap-
idly increasing as new techniques are developed. The reproducibility of the deposi-
tion process relies on careful preparation of the precursors and solutions and on the
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ability to apply the fl uid solution consistently to the substrate. A short review of the 
basics of sol–gel deposition is given in Reference 4.

Thermal Spray Processing

Thermal spray processing techniques are of great interest for the rapid deposition of 
coatings to large substrates in industrial applications. Thermal spray processes include 
fl ame, arc, detonation, and plasma spray techniques. The main difference between 
these techniques is the method of generating heat in the spray head—combustion 
or chemical reaction, electric arc, controlled explosion, and gas plasma, respectively. 
In each case, powder precursors are fed into the spray head where the local tem-
perature is in excess of 3000 °C. The heated precursor material is then accelerated 
onto the substrate at particle velocities of 90 m/s (fl ame spraying) to over 700 m/s 
(detonation spraying). The high temperatures and high kinetic energies of the arriv-
ing particles allow formation of adherent, dense coatings. The coating properties are 
directly related to the type of spray technique used, and adjustment of spray param-
eters allows some modifi cation of coating properties, including density, strength, 
adhesion, composition, and surface fi nish. These techniques may produce coatings 
rapidly; their real value lies in the ability to coat very large substrates. In addition, 
quite thick coatings may be readily applied. Coating composition is limited primarily 
by the availability of powdered precursor materials. However, the substrates must be 
able to survive the physically agressive deposition conditions, including the very high 
temperatures and high kinetic energies of the incident particles. Thermal- or shock–
sensitive coatings and substrates cannot be deposited or used, respectively, with these 
techniques. Additionally, fi ne–tuning of the composition and structure of the coat-
ing is diffi cult. A brief review of thermal spray techniques is given in Reference 5.

Hard Carbon Coatings

Deposition of hard carbon coatings is treated here as a special topic because of the 
enormous interest in these coatings today. Ideally, these fi lms contain only carbon 
and varying amounts of hydrogen; the only difference between the forms of hard 
carbon coatings is how the carbon is chemically bonded in the fi lm. This difference 
in bonding presents special problems in the analysis of these fi lms, since elemen-
tal analysis can detect only impurities in the fi lms, and chemical bonding analysis 
must be used to properly identify the particular phases in the coating. Several major 
forms of hard carbon coatings are recognized today, ranging from amorphous car-
bon fi lm, which is predominantly an sp2-bonded material with no long-range order, 
through diamond–like carbon, to diamond coatings with long-range sp3 bonding. 
The hydrogen content of these fi lms can vary dramatically, from near 30% (atomic) 
in diamond-like carbon to less than 1% in diamond fi lms. These changes in bonding 
give rise to some very dramatic differences in properties of the coatings. For exam-
ple, amorphous and diamond-like carbon coatings are typically very fi ne-grained,
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with very smooth surface fi nishes possible. On the other hand, diamond coatings 
are typically composed of very large, well-defi ned crystal grains, with many well-
developed facets. This extreme crystallinity produces a coating that is very rough, 
with many sharp cutting edges where the facets come together. Hard carbon coatings 
have historically been produced by activated CVD processes, using gas phase mix-
tures of hydrocarbons (typically methane) and hydrogen for starting materials. The 
process activation is typically by a hot fi lament or a plasma, depending on the type of 
hard carbon coating to be obtained. However, many novel deposition methods have 
also been applied with limited success, including the full technological spectrum 
from laser activation to deposition from an oxy-acetylene fl ame torch. Reference 6 
reviews the deposition and analysis of diamond and diamond-like carbon fi lms.

3.3 Physical Characterization

Density, Porosity and Voids

Since ceramic fi lms and coatings are most often used for protective overcoats or 
optical applications, it is usually important to be able to deposit fi lms with a min-
imum of porosity and voids. If the voids and pores are large, they can easily be 
seen with scanning electron microscopy (SEM). Transmission electron microscopy 
(TEM) is commonly used to evaluate voids and pores on a smaller scale. This is 
illustrated in Figure 3.1, which shows TEM plan and cross-sectional views for a 

Figure 3.1 Transmission electron microscope images in plan view (a and b) and 
cross-sectional view (c and d) of a Ti0.5Al0.5 N film prepared with no 
substrate bias (a and c) and with a 150 V substrate bias (b and d ) dur-
ing deposition.7
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Ti0.5Al0.5N coating deposited with and without a substrate voltage bias during 
deposition by a PVD sputtering process.7 The substrate bias caused the microstruc-
ture to change from columnar to equiaxed, with a corresponding decrease in grain 
size and void volume. Coating density is somewhat harder to measure. If the coating 
can be removed from the substrate, conventional density measuring techniques (like 
sink or fl oat measurements) can be used. If the density is to be measured with the 
coating in place, more indirect methods must be used. If the weight gain attributed 
to the coating can be measured, then a determination of the area and thickness of 
the coating (see the section on Thickness) will allow the density of the coating to be 
calculated. If the weight gain cannot be readily measured, then a technique such as 
Rutherford backscattering spectroscopy (RBS) may be used to determine the total 
mass density per unit area (grams per square centimeter) of the coating. If this mea-
surement is combined with an evaluation of the coating thickness, then an estimate 
of the volume density may be obtained.

Morphology

The most common tool for examining surface morphology of the deposited coatings 
is SEM. Because of the very large depth of fi eld and the ability to examine the surface 
at a very large range of magnifi cations, SEM enables the analyst to examine in detail 
the morphology of all but the most fi ne-grained of fi lms. Examination by SEM often 
allows determination of the growth mode, grain size, and structure, and other details 
relating to the physical appearance and topography of the surface. As an illustration, 
Figure 3.2 shows the evolution of the surface morphology of hard carbon coatings 
as a function of the composition of the feed gas mixture.8 It should be noted that 
most ceramic coatings will need to have a conducting overcoat deposited before SEM 
analysis to prevent problems of surface charging during analysis.

If fi lms with smaller grain sizes are to be examined, there are a couple of com-
mon alternative techniques for analysis. TEM can measure there are fi ne details of 
the surface morphology, but extensive sample preparation is required. Alternatively, 
scanning tunneling microscopy (STM) or atomic force microscopy (AFM) maybe 
used, depending on the particular details of the structure and properties of the 
surface to be examined. Depending on the technique used, the surface can often 
be examined directly with these techniques, without the deposition of a conduc-
tive overcoat.

Thickness

The desired thicknesses of ceramic coatings can cover an enormous range, depend-
ing on the application. Although thicknesses on the order of 1 μm are common, a 
coating as thin as 10 nm or as thick as 0.1 mm may be desired. The thicker coat-
ings may be measured using standard high-precision manufacturing metrology tools. 
The more conventional fi lm thicknesses of several hundred nanometers to about 100 
μm are most commonly measured through a variety of stylus instruments (surface 
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profi lometry) or microscopy techniques (SEM, TEM, STM, and AFM are the most 
common). The fi lm thicknesses at the lowest end are most easily measured by optical 
methods, including primarily interferometry and elipsometry techniques. Two recent 
papers review the various methods of measuring surface thickness, roughness and 
topography and discuss the application of non-optical techniques9 and optical tech-
niques.10 Reference 1 also gives basic descriptions of optical and specialty (magnetic 
and electrical) techniques for coating thickness determinations.

Surface Finish

Three major aspects of surface fi nish are important to ceramic fi lms and coatings. 
The fi rst aspect is that of surface roughness of the deposited coating. For some 
applications, the roughness of the coating is not an issue and the user can accept 

Figure 3.2 SEM images of hard carbon coatings as a function of the composi-
tion of the feed gas. Each of the images shows the surface of the 
coating resulting from a feed gas composition consisting of (a) 0.1%, 
(b) 0.5%, (c) 1.0%, (d) 1.5%, and (e) 2.0% methane by volume in 
hydrogen.8
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whatever the deposition technique provides. However, for some fi lm applications 
the surface roughness of the coating is of primary importance, especially for coatings 
used in electronics, optical, tribological, or decorative applications. Surface rough-
ness is closely related to the coating morphology, and may be quantitatively measured 
by the techniques used to measure coating thickness. Surface roughness may often 
be controlled by variations in the deposition method. A second aspect of surface fi n-
ish potentially important to ceramic coatings is color, especially if the coating is to 
be used for optical or decorative purposes. Color is primarily affected by the coating 
composition and may often be modifi ed by adjusting the fi lm composition or adding 
small amounts of color-affecting dopants to the coating. Color may also be affected 
by the coating thickness and roughness, especially for very thin coatings. The fi nal 
major aspect of surface fi nish is that of conformality of the coating. Many applica-
tions (especially electronics, optical, and tribological) often require very controlled 
coating thicknesses, even around corners and on complex substrate shapes. Deposi-
tion techniques vary widely in their ability to coat complex-shaped substrates to 
produce a uniform, conformal coating. Modifi cation of the deposition method or the 
fi xturing used to hold the substrates during deposition may be required to produce 
a conformal coating.

3.4 Chemical Characterization

Elemental Analysis

Elemental analysis plays a very important role in characterizing ceramic coatings 
because the properties obtained for these coatings can often vary dramatically with 
composition. Elemental analysis is used to determine the composition of the coating, 
to judge the levels of dopants or modifi ers added to ceramic fi lms or coatings, and 
to determine the concentration and types of chemical impurities. This is especially 
important since the presence of even low levels of impurities may drastically change 
the properties of the coating (consider the very dramatic effects of adding only very 
small amounts of dopants to silicon). Impurities can result from contamination 
before or during fi lm deposition, from improper handling after deposition, from 
exposure of the coating to reactive environments, or from processes used to modify 
the material or fi nish the surface after deposition (for instance, sintering, polishing, 
or drying). All of the usual surface and thin fi lm analytical techniques are applicable 
to ceramic coatings. Many thin fi lm analytical techniques provide information about 
elemental distribution as a function of depth into the coating, and similar types 
of information may be obtained from surface analytical techniques combined with 
depth profi ling.

Auger electron spectroscopy (AES) provides qualitative elemental information 
relatively quickly. That it also allows fi ne spatial resolution and elemental mapping 
of the surface (known as scanning Auger microscopy, or SAM) enhances the infor-
mation gained. However, quantitative elemental analysis can be complicated by 

imo-loehman-type-03.indd   50imo-loehman-type-03.indd   50 2/15/10   3:29 PM2/15/10   3:29 PM



3.4 CHEMICAL CHARACTERIZATION  51

overlapping spectral lines and sensitivity factors that are dependent upon the chemi-
cal matrix present. In addition, some fi lms or coatings may be susceptible to degra-
dation or modifi cation upon exposure to the electron beam necessary for analysis. 
Films containing halide ions are notorious for loss of the halide upon electron-beam 
irradiation, for example. Finally, because most ceramic fi lms and coatings are electri-
cally insulating, electrical charging caused by the incident electron beam can cause 
the peaks to broaden to the point that the spectrum literally disappears. A conduc-
tive overcoat on the fi lm can alleviate the charging problems, if it can be tolerated, 
although it will modify the observed composition.

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 
chemical analysis (ESCA), is much less sensitive to sample charging problems since 
the incident X-ray beam contributes no charge accumulation and the low-photon 
absorption cross section results in greatly reduced numbers of electrons emitted from 
the sample. Charging can still be a problem on highly insulating samples, but can 
often be compensated for or nullifi ed with relative ease. Since the X-ray absorption 
cross section is much less than that for electrons, sample damage attributable to the 
incident radiation is also greatly reduced relative to AES analysis. However, some 
samples, primarily metastable or unstable oxides, are susceptible to reduction under 
X-ray bombardment. Quantitative elemental analysis is more straightforward with 
XPS relative to AES, because of the reduction in changes of sensitivity factors with 
the chemical matrix. However, the same factors that benefi t the above factors also 
produce a much slower data acquisition time and spatial information is virtually 
impossible in most XPS systems. Even the new small-spot-size imaging XPS systems 
have only very limited spatial resolution relative to AES, and the time to produce 
an image with good signal to noise statistics can be orders of magnitude above that 
required for AES.

Secondary ion mass spectrometry (SIMS) can have similar speed and spatial 
resolution to those obtained with AES, including the ability to provide elemental 
mapping information. The strength of SIMS lies in its abilities to detect elements 
at extremely low concentration limits (orders of magnitude below AES and XPS) 
and—the only general utility surface analytical technique able to do so—to detect 
hydrogen directly. However, quantitative elemental analysis is extremely diffi cult 
with SIMS because of a strong dependence of elemental sensitivity factors on the 
chemical matrix. In addition, because of the very high fl ux of incident ions, SIMS is 
usually considered a destructive analysis technique. Problems may occur with sample 
charging for insulating fi lms or coatings, but can often be eliminated by adjusting the 
ion current density or by adding supplementary coincidental electron bombardment. 
Sample modifi cation under ion-beam bombardment can—and readily does—occur, 
but does not generally affect the detected elemental distribution other than modify-
ing the relative elemental sensitivity factors.

Electron probe microanalysis (EPMA), X-ray analysis (energy dispersive, EDX, 
or wavelength dispersive, WDX), and X-ray fl uorescence spectroscopy (XRF) are 
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all thin fi lm techniques that may be used to gain elemental information. These tech-
niques use electron or X-ray bombardment of the sample to produce X-rays that are 
analyzed to yield elemental composition of the coating. The energies of the inci-
dent electrons or X-rays are quite high, with well-known absorption cross sections 
enabling accurate quantitative elemental analysis. Sample damage under bombard-
ment is often reduced because of the reduced absorption of the high incident ener-
gies. Sample charging is not a problem with XRF, but must be eliminated for EPMA, 
EDX, or WDX by the application of a conductive overcoat on the sample. These 
techniques analyze quite deeply into the sample (up to several micrometers), relative 
to surface analytical techniques because of their high incident energies. Spatial reso-
lution is limited by the spread of electrons through scattering in the fi lm or coating 
for EPMA, EDX, and WDX, and by the inability to focus X-rays for XRF. Elemental 
mapping may be obtained, but at lower spatial resolution than is available for SAM 
or SIMS. All of the X-ray detection techniques are limited in elemental detection, 
since elements with atomic numbers below 8 (oxygen) can be detected only with 
special equipment like windowless detectors.

Rutherford backscattering spectrometry (RBS) is another thin fi lm technique 
that often provides useful elemental analysis information of a sample by detecting 
the number and energy of elastically scattered high-energy ions (usually alpha par-
ticles, 4He+). The energy of the detected ions is determined by the element the ion 
was scattered from, with modifi cations for the depth of that atom. The number of 
detected ions as a function of energy is determined by the number of scattering 
atoms of a particular element as a function of depth. Since the interaction of very 
high-energy ions with materials is well understood, RBS produces good quantitative 
elemental analysis as a function of depth within the sample. Since the interactions 
of the high-energy ions with the material are small, RBS is usually considered to be 
nondestructive, although some ion-induced damage may occur for particularly sensi-
tive materials. However, the technique has trouble detecting light elements (similar 
to the limit discussed in the previous paragraph) and may have diffi culty discrimi-
nating elements of similar mass as a function of depth. In addition, the technique 
requires an accelerator to produce the incident high-energy ions.

Directly related to RBS, elastic recoil detection (ERD) provides equivalent infor-
mation for hydrogen in materials. In this case, experimental conditions are adjusted 
so that hydrogen atoms scattered by the incident high-energy 4He+ particles are 
detected. This technique provides good quantitative analysis of hydrogen concentra-
tions directly as a function of depth in the fi lm. While the amount of hydrogen con-
tained in most ceramic fi lms is not large, the amount of hydrogen contained in hard 
carbon coatings is critical to the performance and properties of the coatings. Figure 
3.3 illustrates the distribution of hydrogen in a variety of hard carbon fi lms.11 The 
ERD technique is not only able to show up small differences in hydrogen concentra-
tion in the various fi lms, it is also able to show that the hydrogen concentration is 
always higher on the surface for these fi lms, a result of hard carbon deposition tech-
niques that cap dangling carbon bonds with hydrogen atoms.
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Chemical State Analysis

The previous section discussed the importance of elemental analysis in determining 
fi lm properties. However, ceramic fi lms and coatings may exhibit a range of chemical 
bonding structures for identical elemental compositions. The specifi c type of chemi-
cal bonding within the coating may dramatically affect the properties of the fi lm. An 
extreme, but common, example is hard carbon coatings, where the type of chemical 
bonding fully determines the properties of the fi lm and the elemental composition 
does not vary over the entire range of possible fi lm structures. In addition, fi lms with 
different chemical bonding states may present very different behavior in terms of 
the protective qualities so often desired of ceramic coatings. Consequently, a very 
important step in the analysis of deposited coatings can be the determination of the 
chemical bonding states present.

Most ceramic fi lms involve compounds of light elements. This is a great advantage 
with most surface analytical techniques, because information from the valence bond-
ing levels is readily available and spectral changes with chemical state are often quite 
pronounced. This enables the use of the usual surface analytical techniques to obtain 
chemical bonding information. One of the best techniques for obtaining chemical 
bonding information is XPS because of the great amount of information that can be 
obtained from chemical shifts and peak lineshapes. However, the reader is referred to 
the detailed technique descriptions in the lead volume of this series, the Encyclopedia 
of Materials Characterization, or to any of the many good literature reviews available 
for information on the chemical bonding applications of XPS, so that the limited 
space available here may be used to address alternative techniques.

Although AES is usually considered only as an elemental analysis technique, 
Auger spectra may show signifi cant changes in lineshape with chemical bonding. 
Since the AES lineshapes arise from transitions involving three separate energy 

Figure 3.3 Hydrogen/carbon atom ratio in hard carbon coatings as a function 
of depth into the film, as measured by elastic recoil detection. The 
different curves are for different film samples.11
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levels, some of the Auger lines involving valence levels (especially if two of the levels 
involved are valence levels) can show very dramatic changes as the local chemical 
environment is changed. This effect is illustrated in Figure 3.4 for the LVV silicon 
line in a variety of Si compounds.12 The different silicon species can be easily identi-
fi ed by the peak lineshape, including the presence of Si–H bonds, even though the 
Auger process cannot directly detect hydrogen. These changes in lineshape may be 
used to identify directly the species present, if the bonding in the coating is predomi-
nantly of one type. However, even if the coating contains a mixture of species, peak 
fi tting routines may be used to separate the individual chemical components, espe-
cially if individual reference spectra are available for the bonding types of interest, as 
demonstrated in Reference 12.

The ability to resolve individual chemical bonding states through the use of 
changes in lineshape, combined with the high spatial resolution and the ability 
to scan the surface to produce elemental maps, gives AES a unique ability to do 
chemical bonding maps of the surface. This is illustrated in Figure 3.5, where the 

Figure 3.4 Auger lineshapes for the Si LVV region for elemental silicon (Si–Si), 
chemisorbed hydrogen on silicon(100) (Si–H), a CVD silicon nitride 
film (Si–N), and a silicon dioxide film (Si–O). The left side of the fig-
ure gives uncorrected, first-derivative signals, while the correspond-
ing, background corrected and loss deconvoluted integral signals are 
shown on the right side.12
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differences in lineshape for the B KVV and C KVV lines are used to produce a 
chemical map of a boron nitride fracture surface, showing the relative distributions 
of B4C, BN, and graphite.13 Where the differences in lineshape allow this technique 
to be used with selectivity and high enough sensitivity, it is an extremely effective tool 
for correlating grain structure and surface inhomogeneities with the local chemical 
bonding states.

For some ceramic coatings, vibrational spectroscopies such as infrared (IR) and 
Raman spectroscopy can also yield chemical bonding information. No elemental 

Figure 3.5 Scanning Auger images from a boron carbide fracture surface. Image 
(a) is from the B KVV line representative of B4C, whereas image (b) 
is from the B KVV line representative of BN. Image (c) is from the C 
KVV line representative of B4C, whereas image (d) is from the C KVV 
line representative of graphite. Image (e) is the secondary electron 
image from the same region of the surface. The numbers in image (e) 
show locations of point spectra taken for the original work and have 
no particular meaning to the figure as shown.13
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information is obtained from these techniques, and the bonds must have suitable 
frequencies, transitions, and absorption cross sections in order to provide bonding 
information. These techniques are usually applicable if the coating contains covalent 
bonds. Neither of these techniques is strictly a surface analytical tool, and the depth 
of material probed will vary with the type of material and bonding structures present. 
However, for some types of coatings, these techniques provide information that is 
diffi cult to obtain by other methods. This is certainly true for hard carbon coatings, 
where Raman spectroscopy clearly shows the different types of chemical bonds pres-
ent, as illustrated in Figure 3.6.14 The various types of bonding environments may 
be readily distinguished with Raman spectroscopy, even for coatings with multiple 
types of bonds, although quantitation of the relative amounts may be diffi cult due to 
variations in the absorption cross-sectional values.

Microstructure

Examination of the microstructure of the fi lm or coating yields information on the 
crystallographic structure, including degree of crystallinity, phase identifi cation, 
interatomic spacings, structural defects, and texture orientation of the coating. The 
two primary tools for these analyses, X-ray diffraction (XRD) and electron diffrac-
tion, are both applicable to ceramic fi lms and coatings. Depending on the materi-
als and fi lm thicknesses involved, one or the other technique will often give bet-
ter results (consult the Encyclopedia of Materials Characterization for a discussion of 

Figure 3.6 Raman spectra of carbon coatings. Spectrum (a) is from a natural 
gem-quality diamond. Spectrum (b) is from a high-quality diamond 
film. Spectrum (c) is from a diamond-like (amorphous) carbon coat-
ing. Spectrum (d) is from a glassy carbon film.14
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each of these techniques); for the thinnest fi lms, specifi c thin fi lm accessories and 
methods may be required.

Although the fi lm microstructure may sometimes be of only passing importance, 
for some applications—thermal management and optical coatings, for example—the 
microstructure may be one of the most important materials variables. For some types 
of fi lm or coating applications, it may be desirable to tailor the fi lm to a specifi c 
single-phase structure, to adjust lattice parameters to achieve specific film prop-
erties, or to adjust the structural orientation of the film to expose a particular 
crystal face at the surface. In the most extreme cases, growth of epitaxial single-
crystal films may be desired. All of these constraints require extensive evaluation 
of the film microstructure as a function of deposition parameters in order to 
achieve the goals set for the coatings. A good summary of X-ray diffraction tech-
niques is given by A. Segmuller and M. Murakami in Chapter 8 of Reference 3. 
S. Mader gives a good review of both X-ray and electron diffraction techniques 
in Reference 1, Chapter 9.

3.5 Mechanical Characterization

Adhesion

In order for ceramic fi lms and coatings to perform as desired, the coating must 
adhere to the substrate suffi ciently to endure throughout the desired activities and 
lifetime. Adhesive failures can cause particulate generation, fi lm spallation, and even 
catastrophic delamination of the entire coating. The requirement for good adhe-
sive strength varies with the application, with protective coatings often requiring 
the greatest adhesion in order to withstand continued mechanical wear of the coated 
material. However, adhesion is one of the more diffi cult properties to achieve and 
also to measure. Qualitative measurements of adhesion have historically consisted of 
tests where removal of the coating with adhesive tape constitutes failure and where 
clean removal of the adhesive tape while leaving the coating behind is regarded as 
acceptable. Functional qualitative tests of adhesion have also been devised for partic-
ular applications—such as whether or not the coating is removed from the substrate 
when the coated material is ultrasonically cleaned. For applications which do not 
require strong adhesion of the coating, such qualitative tests are often suffi cient. Ref-
erence 2, Chapter 12, provides a discussion of some of the qualitative adhesion tests 
that have been developed. For applications that require better, more predictable, or 
more consistent coating adhesion, a quantitative adhesion measurement is required. 
However, quantitation of fi lm adhesion is a complex question that is made even more 
diffi cult by the high hardness often exhibited by ceramic coatings.

Scratch testing is one method that has been developed for quantitatively measur-
ing coating adhesion. For this test, a diamond-tipped stylus is used to scratch the 
surface at an increasing loading force until the coating is removed. Examination of 
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the scratch shows the force required for failure (the critical load) and where the 
failure occurred (in the fi lm or substrate, or at the interface). This technique may be 
supplemented with detection of acoustic emission from the surface during scratching 
to help identify the critical load required for failure. Figure 3.7 shows the detected 
acoustic emission from a diamond-like carbon-coated silicon wafer during scratch 
adhesion testing where the adhesion testing demonstrates several modes of failure.11 
The resulting scratches are illustrated in the SEM micrographs of Figure 3.8.11 
Although this method is widely used, especially for examining hard coatings, there 
are a number of inherent problems with the technique. First, if the coating is very 
hard, the diamond stylus may wear, crack, or fracture instead of, or in addition to, 
the coating failing. Second, there is no known quantitative relationship between the 
measured critical load and adhesive strength. Finally, the measured critical load may 
be strongly affected by many coating properties that include but are not limited to 
thickness, hardness, microstructure, composition, and internal stress. Reference 15 
reviews briefl y the scratch adhesion testing method.

Another group of popular adhesion testing methods includes various ways of pull-
ing the fi lm from the substrate. In these tests a mandrel is attached to the fi lm by 
an epoxy. After the epoxy is cured, the mandrel is removed by pulling it straight up 
or pushing it over. In either case, the force required to separate the coating from 
the substrate is measured and related to the adhesive force between the fi lm and 
the substrate. While easily performed, these methods require a good bond between 
the epoxy and the fi lm surface, which may require cleaning or modifi cation of the 
surface before bonding. In addition, this technique is not applicable to fi lms with 
very high adhesive strengths, because the adhesive strengths that may be examined 

Figure 3.7 Representative curves for acoustic emission signal versus load for 
diamond-like carbon coatings on silicon. The solid line (a) illustrates 
the case with no local adhesion failure. The short-dashed line (b) 
illustrates the case with limited local adhesion failure. The long-
dashed line (c) illustrates the case with “continuous” local adhesion 
failure. The spectra are offset vertically for clarity.11
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are limited by the ultimate cohesive strength of the bonding epoxy itself. If the inter-
facial adhesion exceeds the cohesive strength of the epoxy, the joint will fail within 
the epoxy and no quantitative adhesion information will be obtained.

A number of other specialized adhesion testing methods have been tried, but most 
apply only to a very limited class of materials. These other methods use many other 
techniques, such as surface indentation probes or acoustic or thermal shock of the 
coating to get an idea of the fi lm adhesion. In addition to being applicable only to 
a small class of materials, all of these techniques are plagued by the lack of a direct 
relation to adhesive strength and limited use and experience with the technique. Ref-
erence 16 reviews a few of the more common methods of adhesion testing.

Hardness

Hardness is often an important property of ceramic fi lms and coatings, especially 
for protective and tribological applications. Hardness measurements for thick coat-
ings are relatively straightforward to obtain using standard hardness testing meth-
ods. However, thin fi lms require special methods, especially for ceramic fi lms where 
the coating is usually much harder than the underlying substrate. Microindentation 
methods that use low loads and shallow penetrations are considered essential for thin 
fi lms, since the indent depth should be 10% or less of the fi lm thickness in order to 
get an accurate measure of the coating hardness. Deeper indentations may be used 
if mathematical modeling is used to separate the contributions of the substrate and 
the coating.17 However, microindentation techniques require more careful control of 
experimental parameters and interpretation because of the small loads and indenta-
tions used.

Some of the problems with measuring very small indentations may be solved 
by measuring the loading/unloading response of the indenter tip using microdis-
placement measurements, rather than trying to measure the indentation size. This 

Figure 3.8 Typical scanning electron microgaphs of the scratches resulting from 
adhesion testing, in the region of the application of the critical load 
(region of the onset of adhesion failure). An example of a scratch 
with no local adhesion failure (a) and an example of a scratch with 
limited local adhesion failure (b). The direction of travel of the tip 
across the sample is also shown.11
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technique is required when using ultramicroharness (nanoindentation) methods 
for extremely thin fi lms. Load/displacement methods can also produce information 
on the elastic and plastic properties of the material being tested, as well. However, 
the loading/unloading response curves do not directly output a hardness value, but 
require extensive modeling and precise measurements of very small displacements 
in order to estimate hardness values. In addition, as the scale of the indentation size 
decreases, location of the indent becomes very important. Exact defi nition of the 
position of the surface and location of the indenter tip near the center or edges of 
grains or other surface topographical details can dramatically affect the measured 
results. Reference 18 gives a good overview summary of microindentation methods.

Internal Stress

While internal stress is an important consideration for all coatings, it may be a greater 
concern for ceramic fi lms for two reasons. The fi rst is that ceramic fi lms and coat-
ings are often deposited at elevated temperatures. It is common to have a mismatch 
in thermal coeffi cients of expansion between the coating and the substrate. Conse-
quently, stresses are developed when the deposited fi lms are cooled to room tem-
perature from the elevated deposition temperature, a problem magnifi ed for ceramic 
materials because of their high elastic modulus values. The second reason internal 
stress is important for ceramic fi lms is that most ceramic materials are hard and 
brittle, so stresses are not relieved by deformation. Instead, it is typical for ceramic 
fi lms or coatings with a large internal stress to buckle, fracture, and delaminate from 
the substrate in order to relieve the stress within the fi lm. The stress may be compres-
sive or tensile, depending on the relative magnitudes of the expansion coeffi cients. 
Even if the fi lm does not immediately fail as a result of stress relief, the long-term 
stability and lifetime of the coating may be limited by the fi lm’s or substrate’s ability 
to accommodate the stress.

The intrinsic stress within the fi lm may be altered by adjusting the deposition or 
processing parameters. In order to optimize fi lm performance, the analyst might fi nd 
it necessary to make detailed measurements of fi lm stress. If the substrate is fl exible, 
the stress may be determined by measurement of the substrate defl ection following 
coating. The substrate defl ection may be measured by standard stylus, optical, or 
electrical (capacitor) techniques. A good review of defl ection techniques is given in 
Reference 1, Chapter 12. Alternatively, the fi lm stress may be measured by examining 
the lattice constants and line broadening of the X-ray or electron diffraction peaks. 
The latter methods are discussed in References 1 and 3.

3.6 Summary

In this chapter, some of the applications of ceramic fi lms and coatings have been 
discussed, along with the properties and characterization methods important 
to those applications. Common deposition methods for ceramic fi lms have been 
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summarized and compared, including physical vapor deposition (PVD), chemical 
vapor deposition (CVD), solution and sol–gel techniques, and thermal spray process-
ing. Some of the special problems and concerns of hard carbon coatings have been 
detailed. Physical characterization methods for ceramic coatings have been summa-
rized, including information on density, porosity and voids, morphology, thickness, 
and surface fi nish. Techniques have been discussed for performing chemical char-
acterizations of ceramic fi lms, including elemental analysis, chemical state analy-
sis, and microstructure. Finally, problems and methods have been summarized for 
mechanical characterization of ceramic coatings, including adhesion, hardness, and 
internal stress. Although other specialized characterization methods exist for some 
applications of ceramic fi lms and coatings, this chapter addresses the characteriza-
tion methods and problems for the properties important to most ceramic fi lms and 
coatings. References have been chosen to help the reader gain more information on 
the specifi c properties and methods discussed in this chapter and to help the reader 
begin the search for information not covered in this chapter that may be important 
for the reader’s application.
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4

Consolidation of Ceramic Thick Films

terry j. garino
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4.1 Introduction

Films of ceramic materials are generally divided into two groups: thick fi lms and 
thin fi lms. These categories differ not only in fi lm thickness but also in the ways 
they are fabricated. From 10 to greater than 100 μm thick, thick fi lms are made 
by processes analogous to those generally used to make bulk ceramics: forming 
a ceramic powder into a desired shape and then heating to sinter the particles 
together to produce a dense ceramic. Thin fi lms are 0.1–10 μm thick and are made 
by vacuum techniques such as sputtering and evaporation, chemical vapor deposi-
tion, or sol–gel techniques. Ceramic thick fi lms can be either deposited on a substrate 
by the screen printing process or fabricated as freestanding fi lms by the tape-casting 
process.

Ceramic thick fi lms are most often used in applications where their electrical 
properties are exploited. In these applications, the ceramic thick fi lms usually serve 
as either insulators, resistors, or capacitors. However, in many of these applica-
tions, especially those involving multilayer ceramics made from tape-cast fi lms, the 
mechanical or thermal properties of the ceramic must also be considered.

Ceramic fi lms made by screen printing are used in hybrid circuits,1, 2 generally 
as resistors, dielectrics, or capacitors, but interest in sensor and superconducting 
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applications is growing. As mentioned earlier, these fi lms are deposited as particu-
late or green fi lms on a nonporous substrate on which they will remain as part of 
the hybrid circuit. Also, screen-printed fi lms generally contain at least two phases: 
the electrically active phase, often ruthenium oxide, and a phase, usually a glass, that 
facilitates low-temperature sintering.

Ceramic thick fi lms made by tape casting are used to fabricate multilayer ceramic 
(MLC) devices. By far the two most important such devices are MLC capacitors and 
MLC packages for integrated circuits.3–5 In MLC capacitors, layers of phase-pure, 
high-dielectric constant ceramic alternate with metal electrode layers. In MLC pack-
ages, the ceramic phase serves as electrical insulation between conducting metal lines 
and may contain a relatively small amount of glass.

4.2 Thick Film Processing

In order for the discussion of the characterization of ceramic thick fi lm consolidation 
to be facilitated, the processes used to make these fi lms is briefl y outlined. Both types 
of fi lms, screen-printed fi lms for hybrid circuits and tape-cast fi lms for MLC devices, 
undergo similar processing steps. In both cases a ceramic powder is mixed with a 
solvent, organic additives such as a dispersant and a binder, and possibly with inor-
ganic additives such as dopants or glass powder. The green fi lm is then formed from 
the suspension either by screen printing or tape casting and the solvent is removed 
by drying. In both cases, the fi lms are eventually heated at moderate temperature to 
volatilize the organic additives and then at higher temperature for sintering.

Screen printing1, 2 is done using a very fi ne mesh screen. The suspension to be 
printed, called an ink or a paste, is forced through the screen onto the substrate with 
a squeegee. Often, it is desired to print a pattern instead of a continuous sheet. This 
is accomplished by masking the screen so that the desired pattern is formed by the 
unmasked holes. The rheological properties of the ink must be controlled such that 
it fl ows under the shear stress during squeegeeing but then does not fl ow once the 
screen is removed. This allows the pattern defi ned by the screen to remain intact. 
Once the screen is removed, the fi lm is allowed to dry prior to thermal processing.

Tape casting3–6 is performed using a doctor blade, a uniform cross section metal 
blade whose length determines the width of the tape-cast sheet. The edge of the 
blade is held parallel to the casting surface at a carefully controlled distance which 
determines the thickness of the tape-cast sheet. The suspension is contained in a 
reservoir on one side of the blade and a carrier fi lm, often mylar, passes along the 
casting surface under the blade, starting from the side with the suspension. The fi lm 
is dried and then cut in smaller pieces. Via holes may be punched in the pieces (for 
MLC packages) and metal lines or layers are then screen-printed on them. Finally, 
the sheets are stacked and laminated together prior to thermal processing.
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4.3  Characterization of Ceramic Thick Film 
Consolidation

In many respects, the characterization of the consolidation of ceramic thick fi lms is 
similar to that of bulk ceramics, which is discussed in Chapter 5. However, several 
important features of thick fi lms make them unique. Their small thicknesses make 
some characterization techniques inapplicable and sample preparation for other 
characterization techniques more diffi cult. Also, in both screen-printed and tape-cast 
structures, the ceramic thick fi lm is in intimate contact with one or more dissimi-
lar materials such as a metal. This contact can produce interdiffusion and reactions 
between these phases.

Stress can be a more important factor in thick fi lms than in bulk ceramics—both 
the stress generated during processing that can cause defects or failure of the fi lm 
and the residual stress in the fi lm after processing that can affect the fi lm’s properties. 
Stress can be generated by a variety of processes that occur during thick fi lm pro-
cessing. The removal of solvent by drying a screen-printed or tape-cast layer on the 
surface of a substrate that, due to the adhesion of the layer to the substrate, constrains 
the in-plane shrinkage of the layer creates tensile stress in the layer. Similarly, tensile 
stress develops during sintering of a screen-printed fi lm since the in-plane shrinkage 
due to densifi cation is also constrained by the substrate. In MLC ceramic devices, 
stress is generated by differential sintering. Differential sintering occurs when the 
different materials in the device, for example the ceramic and metal layers, densify 
at different rates, at different temperatures, or to a different extent. Also, in both 
screen-printed and tape-cast devices, mismatch in the thermal expansion coeffi cients 
between the various different materials in the device also generates stress. This chap-
ter emphasizes these unique features of the characterization of ceramic thick fi lms.

Characterization of Films Before Thermal Processing

Thickness and density Two of the most important properties of unfi red ceramic 
thick fi lms are thickness and relative density. For relatively thick fi lms, thickness 
can be measured directly with a micrometer, after subtracting the thickness of the 
substrate for screen-printed fi lms and that of the mylar carrier sheet for tape-cast 
fi lms. For thinner fi lms, and for greater accuracy with thicker fi lms, a profi lometer 
can be used to measure the thickness by profi ling from the surface of the fi lm to the 
surface of the substrate, crossing a sharp fi lm edge. If a profi lometer is not available 
or if the fi lm is thicker than the maximum the profi lometer is capable of measuring, 
the thickness may be determined using an optical microscope. This is accomplished 
by focusing on the substrate surface, noting the position of the fi ne focus knob, and 
then turning the fi ne focus knob until the top of the fi lm is in focus. The thickness 
can then be determined by comparing the difference in the fi ne focus setting with the 
difference for standard of known thickness.

imo-loehman-type-04.indd   65imo-loehman-type-04.indd   65 2/15/10   3:35 PM2/15/10   3:35 PM



66 CONSOLIDATION OF CERAMIC THICK FILMS Chapter 4

The relative density of the fi lm can be calculated from the mass of a known area 
and the thickness. Another method for determining green density is to determine the 
mass of a liquid needed to saturate a fi lm of known mass. The volume of the pores in 
the fi lm can then be calculated from the mass of the liquid and its density. To facili-
tate penetration of the liquid into the pores and to avoid damaging the fi lm, a low 
surface-tension liquid should be used. Also, the liquid should not dissolve any of the 
organic components in the fi lm. Both thickness and density can vary with location 
in a ceramic thick fi lm so that numerous measurements are necessary to character-
ize the fi lm completely. Relative density can also vary in the thickness direction of 
a thick fi lm. This can produce fi lm warpage during sintering. The variation in green 
density with thickness can be determined by repeatedly measuring the density after 
progressively thinning the fi lm by very careful polishing. Finally, the density and the 
characteristics of the pores can be determined using either mercury porosimetry or 
gas adsorption, just as in bulk ceramics.

Stress measurement in unfi red fi lms During forming of ceramic thick fi lms, 
processes such as drying can produce transient stresses in the fi lm that can cause 
cracking. They may also lead to the presence of residual stress in the unfi red fi lm. 
These stresses are generally quite low in magnitude, on the order of 1 MPa or less. 
The magnitude and sign (tensile or compressive) of the stress in thick fi lms can 
be measured either directly using X-ray diffraction,7 if the particles in the fi lm are 
crystalline, or indirectly by measuring the curvature of the substrate, if the fi lm is 
attached to a rigid substrate. Since the substrate may have an initial curvature, its cur-
vature without the fi lm present must be measured so that the net change in curvature 
can be used to determine the stress in the fi lm.

If the amount of defl ection at the center of the sample is small (<10%) compared 
with the thickness of the substrate, if the effective Young’s modulus of the fi lm and 
the substrate are approximately equal, Er  = [Ef /(1 – νf )]/[Es /(1 – νs)] ∼ 1, and if the 
fi lm is much thinner than the substrate, the magnitude of the stress, σ, is related to 
the radius of curvature of the substrate, R, by the relation8

where tf  is the thickness of the film, ts is the thickness of the substrate, and Es 
and νs are the Young’s modulus and Poisson’s ratio, respectively, of the substrate and 
Ef and νf are the same for the fi lm. If the modulus ratio is not about 1 or if the 
thickness ratio, tr  = tf /ts  is not much less than one, the right side of Equation 4.1 
must be multiplied by the factor (1 + 4Er tr  – tr).9 If the amount of deflection at the 
center is not small compared with the substrate thickness, a still more complicated 
expression must be used.10

The curvature of the substrate can be determined by a variety of techniques. For 
all of these techniques, to increase the sensitivity of the curvature measurement, a 
thin substrate, or the order of 100 μm thick, may be used, keeping in mind that 
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the proper equation must be used if the defl ection is on the order of the substrate 
thickness. If the substrate is a single crystal, such as a silicon wafer, its curvature can be 
determined by measuring the stress in substrate using X-ray diffraction.7 A profi lom-
eter can be used to determine the curvature simply by scanning across the substrate, 
which may need to be supported at three points to keep it from rocking during the 
scan. The stylus load should be set as low as possible so that the contact with the 
stylus does not cause substrate deformation.

For making stress measurements in situ during drying, optical methods of deter-
mining substrate curvature are useful. For example, the substrate, which must have 
a refl ecting bottom surface, can be placed on a transparent optical fl at and illu-
minated from below with monochromatic light so that interference fringes (New-
ton’s rings) form. Photographic or video images can be taken of the ring pattern 
and then analyzed to determine the curvature. This technique was used by Chui and 
Cima to measure the stress during drying of fi lms of aqueous alumina suspensions.11 
As shown in Figure 4.1, they found that the stress rises rapidly to about 1 MPa, 
at which the particles form a rigid network, and then gradually decreases as the 
water meniscus moves through the fi lm. Using this technique, they were able to 
correlate the magnitude of the stress with factors such as the average particle size 
of the powder and the surface tension of the water (which was varied using sur-
factants). Another optical technique involves refl ecting two parallel He–Ne laser 
beams perpendicularly off the substrate, which again must have a refl ecting sur-
face, and measuring the separation of the beams at a fi xed distance from the sub-
strate. The curvature can then be calculated from initial and fi nal beam separations 

Figure 4.1 The stress in an alumina particle thick film uniformly saturated with 
water during drying as a function of time determined using an inter-
ference technique to measure the substrate curvature. The rapid rise 
in stress occurs as the meniscus enters the film.
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and the distance at which the fi nal separation is measured.12 Finally, various other 
techniques for determining curvature have been used,13 and there are several com-
mercially available pieces of equipment that measure substrate curvature.14

Characterization of Thick Films During Thermal Processing

Thermal processing of thick fi lms can be divided into low-temperature process-
ing—designed to remove the substantial amount of organic binders, plasticizers, and 
dispersants usually present in fi lms—and high-temperature processing—designed to 
densify the fi lms by the sintering process and to achieve the required electrical or 
other properties. Low- and high-temperature processing may be done in the same 
fi ring schedule or in two separate schedules which may be performed in different 
furnaces. Generally, the low-temperature heat treatment will be performed in an 
oxygen-containing atmosphere such as air to facilitate pyrolysis, whereas the high-
temperature treatment may be done in an inert atmosphere to prevent oxidation 
of any non-noble metals present. Since different processes of interest occur during 
the two types of heat treatment, it is useful to consider the characterization of each 
separately.

Organic burnout In general, the same techniques used to characterize organic 
burnout in bulk ceramics can be applied to thick fi lms since these techniques are 
compatible with relatively small sample size and since burnout is not greatly affected 
by the presence of the substrate so the fi lm can be removed from the substrate prior 
to characterization. Weight loss can be measured as a function of temperature using 
thermal gravimetric analysis (TGA). Isothermal weight loss as a function of time can 
also be monitored. Differential thermal analysis (DTA) can be performed separately 
or simultaneously with TGA to determine the temperatures at which endo- or exo-
thermic reactions occur. The gaseous reaction products produced during heating can 
be analyzed with Fourier transform infrared spectroscopy (FTIR) or gas chromatog-
raphy/mass spectroscopy (GC/MS). Residual carbon content after low-temperature 
heat treatment can be measured using LECO combustion analysis.

Sintering shrinkage As already mentioned, sintering occurs during high-
temperature thermal treatment, producing fi lm densifi cation. For screen-printed 
fi lms on a substrate, the constraint of the substrate limits the shrinkage to the direc-
tion perpendicular to the plane of the fi lm. Because shrinkage is not allowed in the 
plane of the fi lm, a tensile stress is produced in the fi lm that affects its shrinkage 
rate in the thickness direction and that can cause the fi lm to crack. On the other 
hand, tape-cast fi lms are not attached to a substrate and therefore shrink in all three 
directions, although the amount of shrinkage may differ in each direction. How-
ever, since tape-cast layers are used in multilayer devices that contain layers of other 
materials such as metals, stress can develop due to differential sintering or thermal 
expansion during high-temperature heat treatment. Therefore, it is important to 
measure the shrinkage behavior as a function of temperature during heating and 
with time at the soak temperature for the individual fi lms present in the multilayer

imo-loehman-type-04.indd   68imo-loehman-type-04.indd   68 2/15/10   3:35 PM2/15/10   3:35 PM



4.3 CHARACTERIZATION OF CERAMIC THICK FILM CONSOLIDATION   69

device. The stress due to differential sintering can then be minimized by adjusting 
the shrinkage of all materials to match each other by control of the factors, such as 
particle size and dopant concentration, that affect sintering behavior.

Shrinkage during sintering of bulk ceramics is usually measured with a dilatom-
eter. However, this technique is generally not applicable to thick fi lms: the amount of 
shrinkage in the thickness direction is too small (except if a large number of tape-cast 
layers are laminated together) and tape-cast fi lms are not rigid enough in the plane of 
the fi lm to support the load of the dilatometer push rod. Therefore, special measure-
ment techniques must be used.

A laser refl ectance technique has been used to measure the in situ shrinkage dur-
ing sintering of ceramic thick fi lms on rigid substrates.15 In this technique, a small 
piece of a transparent material such as sapphire, which has parallel, polished sur-
faces, is placed on the fi lm and another piece of the same material with the same 
thickness is placed directly on the substrate where the fi lm has been removed. A 
third piece is placed resting across the fi rst two so that the angle this piece makes 
with the fi rst two depends on the fi lm thickness. This angle can be determined 
by shining a He–Ne laser perpendicularly at the fi lm through the two pieces of 
transparent material and then measuring the distance between the refl ections of the 
beam from each piece at a distance of several meters from the sample. This technique 
was used by Garino and Bowen15 to study the effect of the constraint of the sub-
strate on the densifi cation behavior of ceramic crystalline and glass-particle thick 
fi lms. They compared the shrinkage of the fi lms on the substrates in the thickness 
direction to that of the same fi lms after removal from the substrate both in the 
plane of the fi lm and in the thickness direction. The results indicated that the den-
sifi cation of glass powder is impeded only by the amount expected from the stress 
caused by the constraint, whereas the densifi cation of the crystalline powders was 
much more severely impeded.

There are several ways to measure the in-plane shrinkage of a tape-cast fi lm during 
sintering. The fi rst method16 utilizes an optical microscope with a long-working-
distance lens that is used to view the fi lm as it sinters on a hot stage. The fi lm rests on 
top of a material such as graphite to which it will not adhere. The in-plane dimen-
sions of the fi lm can thus be determined directly from the image produced by the 
microscope. In this method, care must be taken so that fi lm warpage is minimal 
during sintering. A second method17 involves hanging a strip of the fi lm vertically 
in a furnace by gripping it on the top and loading from a collar attached to a wire 
at the bottom with a load large enough to keep the fi lm taut but small enough not 
to affect the sintering behavior. A traveling microscope can then be used to measure 
the position of the tip of the wire, which moves upwards by an amount equal to the 
shrinkage of the fi lm between the grip and the collar.

A good illustration of the issues involved in cofi ring MLCs is found in Nish-
igaki and Fukuta.18 They fi rst studied the sintering behavior of a CaO–Al2O3–
SiO2–B2O3 glass powder with and without added Al2O3 powder by using shrink-
age measurements in conjunction with DTA, X-ray diffraction, scanning electron 
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microscopy (SEM), and transmission electron microscopy (TEM) (see Figure 4.2). 
The shrinkage data indicated that, when the alumina powder was added, the sin-
tering schedule produced a much higher fi nal density. The TEM electron diffraction 
and X-ray diffraction indicated that the glass crystallized to anorthite instead of wol-
lastonite when the excess alumina was present. The DTA indicated that excess alumina 
dissolved in the glass during heating, which raised the temperature of crystallization so 
that additional sintering could occur while the material was still amorphous. They also 
measured the shrinkage behavior of the silver conductor powder both by itself and in 
a multilayer structure with the glass–alumina mixture. They found that the silver by 
itself began shrinking about 100 °C below that at which the ceramic by itself did and 
that the multilayer structure began shrinking at an intermediate temperature because 
the silver exerted a tensile stress on the glass that lowered its sintering temperature.

Stress during sintering As already mentioned, stress develops in a sintering fi lm 
constrained by a substrate because shrinkage is limited to the thickness direction. 
The magnitude of the stress can be measured in situ using the techniques described 
earlier while the fi lm is heated on a hot stage or in a furnace. If a technique that 
measures the curvature of the substrate is used, the curvature must be measured 
both with and without the ceramic thick fi lm present so the net curvature due to the 
stress in the fi lm can be used to calculate the magnitude of the stress. For example, 
if the ceramic fi lm is on top of a metal electrode layer, thermal expansion mismatch 
between the substrate and the metal layer during heating will cause the substrate to 
bend in addition to the bending caused by the sintering of the thick fi lm.

Characterization of Sintered Thick Films

The thickness, density, and residual stress in sintered fi lms can be determined by 
the methods described above. The X-ray diffraction method of determining stress is 
generally more suitable for sintered fi lms since it does not require the removal of 
the fi lm, as do the substrate curvature methods. The surface roughness can be mea-
sured with a profi lometer, whereas the adhesion of the fi lm to the substrate can be 
determined by a pull test, in which a wire is bonded to the fi lm and then pulled with 
the force needed to remove the fi lm from the substrate. The amount of camber or 
warpage can also be determined with a profi lometer. Grain and pore sizes can also be 
determined by the same techniques used for bulk ceramics.

The sintered microstructure of thick fi lm ceramic devices can be quite complex. 
This is caused by two factors: (1) the ceramic itself may be multiphase, such as low-
fi ring glass–ceramic packaging material; and (2) dissimilar materials, such as ceramics 
and metals, are in contact during the high-temperature sintering process. Therefore, a 
variety of characterization techniques must be used in concert to determine adequately 
the phase and composition distributions in these materials. The following examples 
illustrate this point.

A good example of characterizing a ceramic fi lm with a complex microstructure 
is the previously discussed work of Nishigaki and Fukuta.18 First, they used X-ray 
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diffraction to determine which phases were present after sintering a glass ceramic 
powder either by itself or mixed with alumina powder at 880 °C. They found 
that, with a soak time of 20 min, the fi lm without added alumina contained the 
undesirable wollastonite phase, whereas the one with alumina contained the desir-
able anorthite phase, in addition to the alumina. TEM and SEM were then used 
to characterize the microstructures. Both samples were found to contain a residual 
glass phase, and electron diffraction and energy-dispersive X-ray analysis (EDX) 

Figure 4.2 The (upper) shrinkage and 
(lower) DTA curves of thick 
films of glass powder with 
and without added alumina 
powder showing that the 
alumina increases the crystal-
lization temperature, thus al-
lowing increased densification.
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were used to determine that the anorthite in the alumina-containing fi lm grew in a 
network surrounding the alumina particles, indicating that some of the alumina dis-
solved in the glass and changed its composition so that anorthite crystallized instead 
of wollastonite (see Figure 4.3).

An example of more subtle microstructural features that can strongly affect the 
properties of thick fi lm ceramics is given in the work of Dettmer and Charles.19 They 
studied aluminum nitride substrates, which are of interest due to their high thermal 
conductivity as compared with the standard substrate material, alumina. They used 
secondary ion mass spectrometry (SIMS) to characterize the chemical composition 
of AlN substrates from two different manufacturers, since SIMS is able to detect 
relatively light elements. As shown in Figure 4.4, they found that the lower thermal 
conductivity material had a higher oxygen content than the other material. This is 
consistent with the results of others that oxygen atoms in the AlN lattice disrupt 
phonon movement, thus decreasing thermal conductivity.

Figure 4.3 (a) An SEM micrograph and (b) a dark field TEM micrograph of the microstruc-
ture of sintered glass–alumina thick films showing the presence of anorthite, as 
indicated by (c) the EDX result.
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As previously mentioned, ceramic thick fi lms generally are used in devices which 
contain metals or other ceramics or both. This intimate contact between dissimilar 
materials at the high temperatures necessary for sintering can lead to reactions or 
diffusion between the materials. The characterization techniques useful for analyz-
ing the reactions between ceramics and metals in thick fi lm structures depend on 
the extent of reaction, which can vary greatly. For example, Kurokawa et al.20 found 
very limited reaction between aluminum nitride and tungsten in a cofi red multilayer 
substrate. They used SEM, TEM, and scanning transmission electron microscopy 
(STEM) to determine that there were no reaction products formed either as bulk 
or grain boundary phases. The identifi cation of phases in TEM images was done 
using bright-fi eld images, dark-fi eld images, and selected area diffraction. They also 
looked at interdiffusion at AlN/W interfaces. Energy-dispersive electron microprobe 
analysis using the SEM showed that on the micron scale there was no interdiffusion, 
as shown in Figure 4.5a. However, Figure 4.5b shows that the higher resolution 
energy-dispersive X-ray analysis in the STEM indicated that tungsten diffused about 
200 nm into the AlN.

A system in which the interdiffusion was much more extensive was studied 
by Kriven and Risbud,21 who studied the reaction between copper and cordier-
ite glass ceramics. They used cathodoluminescence to observe the intensity of the 
fl uorescence from the Cu+ ions that diffused into the glass. Quantitatively, elec-
tron microprobe data indicated that the copper concentration 100 μm from the 
interface was 7 atom %, although the backscattered electron image in the SEM 
did not indicate the presence of Cu particles, thus confi rming the presence of Cu+. 

Figure 4.4 The SIMS analysis of AIN substrates from two different sources in-
dicating that the higher thermal conductivity substrate, (a), has a 
lower oxygen content, consistent with previous results on the effect 
of oxygen of AIN thermal conductivity.
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However, copper-containing crystallites were observed using backscattered SEM, 
TEM, and energy-dispersive electron analysis on samples heated to a higher tempera-
ture, which caused the glass to crystallize. Kriven and Risbud tried to determine the 
oxidation state of copper in the precipitates using electron energy-loss spectroscopy 
(EELS), but their sample was too thick. However, they were able to identify the pre-
cipitates as metallic copper using convergent beam electron diffraction and selected 
area diffraction in the TEM.

It is also possible for the ceramic material to be affected by the metal even if 
no reaction or interdiffusion takes place between them. For example, Takahara22 
studied cofi red lead iron tungsten niobate dielectrics with Ag–Pd electrodes for 
MLC capacitor applications and found that, even though no interaction between 
the ceramic and metal took place, the resistivity of the ceramic decreased by four 
orders of magnitude when the metal was present during sintering. From X-ray 
fl uoresence analysis of the zirconia powder in which the sample was sintered, he 
found that lead, iron, and tungsten were expelled from the ceramic during cofi ring. 
Takahara found that the resistivity was increased to an acceptable value by dop-
ing the ceramic with manganese oxide. He used X-ray absorption fi ne structure 
(EXAFS) analysis to determine the location of the manganese in the sintered sample 

Figure 4.5 The interface between AIN and W in a cofired multilayer ceramic observed (a) 
with SEM and electron microprobe, which does not indicate interdiffusion, and 
(b) with STEM and EDX, which does indicate interdiffusion due to its higher 
resolution.
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(see Figure 4.6). They concluded that, since the second and third coordinating atoms 
around the Mn did not correspond to Pb, Nb, or W, the Mn had diffused to the 
grain boundaries, apparently compensating for the valence of the expelled elements 
along the way.

4.4 Summary

The characterization of ceramic thick fi lms requires the use of special techniques 
in addition to those normally used to characterize bulk ceramics. This chapter has 
focused on these special techniques. The reader is referred to the following chapter 
for more information on the standard characterization techniques for ceramics, since 
many of them are also applicable to thick fi lms.

References

 1 R. D. Jones. Hybrid Circuit Design and Manufacture. Marcel Dekker, New York, 
1982, Chapts. 1–4.

 2 R. E. Cote and R. J. Bouchard. In Electronic Ceramics. (L. Levinson, Ed.) 
Marcel Dekker, New York, 1988, Chapt. 6.

 3 B. Schwartz. In Electronic Ceramics. (L. Levinson, Ed.) Marcel Dekker, New 
York, 1988, Chapt. 1.

 4 M. Kahn, D. P. Burks, I. Burn, and W. Schulze. In Electronic Ceramics. 
(L. Levinson, Ed.) Marcel Dekker, New York, 1988, Chapt. 4.

Figure 4.6 The EXAFS spectra of lead iron tungsten niobate with and without 
added MnO2. From the distances to coordinating atom calculated 
from this spectra, it was determined that the MnO2 resided at the 
grain boundaries.

imo-loehman-type-04.indd   75imo-loehman-type-04.indd   75 2/15/10   3:35 PM2/15/10   3:35 PM



76 CONSOLIDATION OF CERAMIC THICK FILMS Chapter 4

 5 R. R. Tummala. In Microelectronics Packaging Handbook. (R. R. Tummala and 
E. J. Rymaszewski, Eds.) Van Nostrand Reinhold, New York, 1989, Chapt. 
7.

 6 R. E. Mistler, D. J. Shanefi eld, and R. B. Runk. In Ceramic Processing Before 
Firing. (G. Onoda and L. Hench, Eds.) John Wiley and Sons, New York, 
1978, Chapt. 30.

 7 T. Vreeland, Jr., A. Dommann, C.-J. Tsai, and M.-A. Nicolet. Proceedings. 
Materials Research Society Symposia. 130, 3–12, 1989.

 8 G. G. Stoney. Proc. R. Soc. London Ser. A. 82, 172, 1909.

 9 A. Brenner and S. Senderoff. National Bureau of Standards No. RP1954 42, 
105–123, Feb. 1949.

 10 D. E. Fahnline, C. B. Masters, and N. J. Salamon. J. Vacuum Science and 
Tech. A9, 2483–2487, 1991.

 11 R. Chui and M. Cima. “Drying of Granular Ceramic Films 2: Drying Stress 
and Saturation Uniformity.” Submitted to J. Am. Ceramic Soc.

 12 E. Kobeda and E. Irene. J. Vacuum Science and Tech. B4, 720, 1986.

 13 R. J. Scheuerman. In Thin Film Dielectrics. (F. Vratny, Ed.) The 
Electrochemical Society, New York, 1969, pp. 561–576.

 14 A. Lahav and K. Grim. J. Appl. Phys. 67, 15, 1990.

 15 T. J. Garino and H. K. Bowen. J. Am. Ceramic Soc. 73, 251–257, 1990.

 16 T. Cheng and R. Raj. J. Am. Ceramic Soc. 72, 1649–1655, 1989.

 17 T. Cheng and R. Raj. J. Am. Ceramic Soc. 71, 276–280, 1988.

 18 S. Nishigaki and J. Fukuta. In Ceramic Substrates and Packages for Electronic 
Applications: Advances in Ceramics. Vol. 26 (M. Yan, K. Niwa, H. O’Bryan, 
Jr., and W. Young, Eds.) The American Ceramic Society, Westerville, OH, 
1989, p. 199.

 19 E. S. Dettmer and H. K. Charles, Jr. In Ceramic Substrates and Packages for 
Electronic Applications: Advances in Ceramics. Vol. 26 (M. Yan, K. Niwa, 
H. O’Bryan, Jr., and W. Young, Eds.) The American Ceramic Society, 
Westerville, OH, 1989, p. 87.

 20 Y. Kurokawa, C. Toy, and W. Scott. J. Am. Ceramic Soc. 72, 612–616, 1989.

 21 W. Kriven and S. Risbud. Proceedings. Materials Research Society Symposia. 
40, 323–328, 1985.

 22 H. Takahara. J. Am. Ceramic Soc. 72, 1532–1535, 1989.

imo-loehman-type-04.indd   76imo-loehman-type-04.indd   76 2/15/10   3:35 PM2/15/10   3:35 PM



  77

5

Consolidation of Bulk Ceramics
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5.1 Introduction

In the manufacture of advanced ceramics, chemical composition and microstruc-
ture are specifi ed to optimize the mechanical, electrical, dielectric, optical, thermal, 
physical, or magnetic properties of the fi nished product for a given application. The 
optimum properties are achieved by defi ning and developing processes to produce 
the target microstructure, and by controlling processing to minimizing the concen-
tration (i.e., number) and scale (i.e., size) of the defects in the fi nished product. The 
tolerance of a fi nished ceramic product to defects determines the degree of con-
trol that must be exercised during processing. To manufacture ceramics with reliable 
and reproducible properties, it is imperative that process–microstructure–property 
relations be understood and controlled during the various stages of processing. 
Processing–microstructure, microstructure–property, and processing–property 
relationships can be determined by characterizing a ceramic during processing and 
after fi nal thermal consolidation. The characterization and properties of a ceramic 
body during the various stages of processing can also provide metrics to assess 
process reproducibility and to establish process tolerances for manufacturing 
advanced ceramics.
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5.2 Ceramic Consolidation

Consolidation is an important part of ceramic processing that consists in processes 
ranging from green body (i.e., not fi red or sintered) forming to thermal consolidation 
(e.g., sintering). The consequences of the consolidation processes are densifi cation 
and microstructure development of the ceramic body.

Many physical and chemical changes occur during ceramic consolidation, ranging 
from macro-scale changes in the volume of the entire ceramic body, to micro-scale 
changes in the size or shape of the individual grains that comprise the ceramic body. 
The sum of the changes that occur during consolidation determines the microstruc-
ture and properties of the fi nished product.

To manufacture reliable ceramic products with the desired properties, it is neces-
sary to understand and control densifi cation and microstructure development. This 
dictates a need to understand and control ceramic consolidation. It is important to 
understand the physical and chemical changes that occur during consolidation, and 
recognize and characterize the critical features and changes that occur in a ceramic 
body during consolidation.

For the purpose of this chapter, ceramic consolidation is subdivided into three 
stages, including (1) green ceramic body forming/fabrication, (2) pre-sinter thermal 
processing, and (3) sintering. This chapter details the processes and products of 
these three stages of ceramic consolidation, emphasizing the important physical and 
chemical features and changes that occur during each stage, and the characterization 
tools that can be employed to understand, monitor, and help control consolidation. 
Throughout this chapter, specifi c characteristics and tools used to characterize the 
consolidation of alumina (Al2O3), lead zirconate titanate (PZT), and ceramic-fi lled-
glass (CFG) composites are used as examples.

Green Body Fabrication

The forming/fabrication step in ceramic processing involves the consolidation, 
bonding, and molding of individual ceramic particles† to produce a cohesive body 
of the desired size and shape.1–3 Green ceramic bodies can be fabricated with free 
fl owing dry or semi-dry powders1 (e.g., dry4 and isostatic pressing5), deformable 
plastic bodies (e.g., extrusion1 and injection molding6, 7), printable pastes (e.g., 
screen printing1), and fl uid slurries (e.g., slip1, 8 and tape casting9, 10). All ceramic 
forming operations employ a forming pressure to promote particle rearrangement 
and compaction during the shaping operation, such that particle coordination, 
green density (i.e., the bulk density of the compact prior to sintering), and strength 
increase, while the concentration and size of the porosity in the compact decrease. 

† For simplicity, this chapter focuses on particulate ceramic body forming and consolidation; however, 
the principles described are generally applicable to ceramic forming and consolidation.
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Processing aids1 such as liquids, binders, plasticizers, and lubricants are often used 
to improve particle fl ow and compaction during forming and to provide additional 
strength to the formed green body.

During ceramic forming, it is desirable to achieve a high density to minimize 
density variations and the size and concentration of defects in the formed body and 
to minimize the total volume of porosity within the compact for the subsequent 
sintering process.

Pre-Sinter Thermal Processing

Pre-sinter thermal processing involves heating a green ceramic typically to less than 
or equal to one-half its sintering temperature to extract the processing aids used in 
forming and to decompose powder precursors to achieve the desired stable form 
prior to sintering; for example, MgNO3 + heat ➝ MgO + NO2(g). Pre-sinter ther-
mal processes can include the removal of the liquid used in paste or slurry forming 
(i.e., drying), extraction of physisorbed and chemisorbed moisture from fi ne particle 
surfaces, removal of the water of crystallization, chemical decomposition or dissocia-
tion of organic processing additives (i.e., binder burnout), burnout of organic impu-
rities in the raw materials or impurities introduced during processing, and decompo-
sition of powder precursors or additives (e.g., nitrates, carbonates, etc.). The removal 
of liquid from a ceramic body is typically accomplished in a separate, pre-sintering 
drying step.1, 11–13 Organic burnout,14 dehydration,1 and decomposition1 can be 
accomplished in a separate pre-sinter heat treatment at a temperature well below the 
sintering temperature, or in a controlled series of ramps and soaks (i.e., controlled 
heating to a given temperature and holding for a given time) while heating to the 
sintering temperature in a single, continuous heat treatment process.

Pre-sinter thermal processing is a critical step in the ceramic consolidation pro-
cess, since improper technique can damage or destroy a ceramic compact. Improper 
or uncontrolled drying can lead to differential shrinkage, resulting in warping, den-
sity gradients, and drying cracks in the green compact. If the drying temperature is 
too high, catastrophic failure of the green compact can occur due to the explosive 
evolution of gaseous species within the body. Organic decomposition can also gener-
ate gaseous products that may be hundreds of times the volume of the ceramic part; 
consequently, to prevent catastrophic stresses from developing within a ceramic body 
during decomposition, organics must be removed gradually, prior to sintering to 
high relative density when the permeability of the ceramic body is relatively high.

Incomplete drying or burnout during pre-sinter thermal processing can contrib-
ute to the uncontrolled evolution of a gas from residual liquid and organic processing 
aids during sintering, resulting in bloating, warping, or the catastrophic failure of the 
ceramic part. Additionally, incomplete binder burnout can result in residual carbon 
particles that can degrade or alter the properties of the sintered product.

imo-loehman-type-05.indd   79imo-loehman-type-05.indd   79 2/15/10   3:57 PM2/15/10   3:57 PM



80 CONSOLIDATION OF BULK CERAMICS Chapter 5

Sintering / Thermal Consolidation

The desired, in-use properties (i.e., mechanical, electrical, dielectric, optical, ther-
mal, physical, and magnetic) of a ceramic are generally only realized after a dense, 
cohesive body is produced by thermal consolidation. The properties of a fi nished 
ceramic body are largely dependent on the degree of densifi cation achieved and the 
microstructure produced during thermal consolidation; consequently, thermal con-
solidation is one of the most critical steps in ceramic processing.

Most ceramics are consolidated by a process described as sintering,1, 2, 15–17 in 
which thermally activated material transport transforms a powder compact of loosely 
bound particles into a dense, cohesive body. Sintering, which is generally considered 
synonymous with densifi cation, is usually accomplished by heating a powder compact to 
approximately two-thirds of its absolute melting temperature and holding it at that tem-
perature for a prescribed time. A ceramic powder compact can also be sintered by subject-
ing it to an externally applied pressure and heating simultaneously (e.g., hot pressing and 
hot isostatic pressing). In comparison to conventional sintering, pressure sintering offers 
the advantage of a lower sintering temperature and shorter sintering time. Additionally, 
higher end-point densities are often obtained by pressure sintering.

A ceramic sinters as a result of the thermodynamic driving force to minimize the 
Gibb’s free energy, G, of the system.18 Under the infl uence of elevated temperature 
or pressure or both, atoms migrate to lower-energy, thermodynamically more stable 
positions within the compact to decrease the volume free energy of the system.

In a powder compact, excess volume free energy is present primarily in the form 
of excess pore surface or interfacial energy (i.e., liquid–vapor and solid–vapor inter-
faces); consequently, the driving force for sintering can be approximated by

where γi , is the interfacial energy and Ai is the interfacial area. Material transport 
during sintering decreases the interfacial area of a powder compact and decreases 
the chemical potential differences (e.g., between the grain boundary and the bulk) 
within the system.

The microstructure of a sintered ceramic and microstructure development dur-
ing sintering are also controlled by the thermodynamics of the system. Thermo-
dynamics determines what interfaces are formed, what porosity can be eliminated, 
the size and shape of the grains and pores, and whether or not densifi cation occurs 
during sintering.

Microstructurally, the material transport occurring during sintering manifests
itself as grain boundary formation, interparticle pore shrinkage and annihilation, 
particle compact densifi cation, and grain growth. Initially, interparticle necks and 
grain boundaries form, creating a three-dimensional array of approximately 
cylindrical, interconnected pore channels. These pore channels shrink in diam-
eter during intermediate-stage sintering, and ultimately pinch off to form closed, 

imo-loehman-type-05.indd   80imo-loehman-type-05.indd   80 2/15/10   3:57 PM2/15/10   3:57 PM



5.2 CERAMIC CONSOLIDATION  81

isolated, approximately spherical pores for fi nal-stage sintering. Additional pore 
shrinkage and grain growth occur during fi nal-stage sintering.

Chemical impurities inadvertently or intentionally introduced during processing 
often migrate to the boundaries between grains during sintering. Chemical impuri-
ties may alter the mechanisms of material transport and enhance or impede densifi -
cation, create second-phase precipitates that pin grain boundaries and impede grain 
growth, or create a grain boundary phase that alters the properties of the fi nished 
product.19, 20 Chemical impurities that are intentionally added to a system to pro-
mote sintering or control grain growth are referred to as dopants or sintering aids.

Ceramics can be densifi ed by solid-state,21 liquid-phase (LPS),22 and viscous13 
sintering. Pure alumina, which sinters by solid-state diffusion, requires a relatively 
high temperature (i.e., 1500–1800 °C) and long time (i.e., 1–5 h) to density.1, 23, 24 
In contrast, because material transport occurs much faster by viscous fl ow, glasses 
can be densifi ed at <1000 °C in minutes.1 Because material transport occurs faster 
in liquids than in solids, chemical additions that form second-phase liquids dur-
ing sintering are often used in ceramic powder processing to promote faster densi-
fi cation at lower temperatures. Alumina can be sintered faster and at temperatures 
hundreds of degrees lower with 0.5–6 wt % of an additive that forms a liquid phase 
during sintering.1 The sintering temperature is reduced to ≥1000 °C in a ceramic 
fi lled-glass (CFG) composite consisting of  ≥50 vol % glass.25

Although a liquid or viscous glass phase can enhance densifi cation during sinter-
ing, there is often a trade-off with the physical properties. For example, residual 
glass and foreign crystalline phases present in 94–99.5% alumina bodies degrade 
the fl exural strength.3, 23, 26 Additionally, grain growth typically occurs faster and is 
more diffi cult to control during liquid-phase sintering. Ideally, the processing aids 
and sintering conditions are optimized and controlled to achieve rapid densifi cation 
while control is maintained over the microstructure development during sintering.

In solid-state sintered ceramic systems, densifi cation and microstructure develop-
ment can be assessed on the basis of the dihedral angle, θ, formed as a result of the 
surface energy balance at the pore–grain boundary intersection,

where γs s and γsv are the solid–solid and solid–vapor interfacial energies, respectively 
(see Figure 5.1). Pore shrinkage and densifi cation are favored by a high dihedral 
angle, and, theoretically, θ must be >70.4° to achieve a relative density of 100% 
during sintering. The larger the dihedral angle, the larger the intergranular pores that 
can be eliminated during sintering; however, above a critical pore size, thermody-
namics and kinetics limit pore shrinkage and densifi cation.27–29

In liquid-phase sintered ceramic systems, densifi cation and microstructure de-
velopment can be assessed on the basis of the contact angle, φ, formed as a result of 
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the interfacial energy balance at the solid–liquid–vapor intersection

where γs l and γlv are the solid–liquid and liquid–vapor interfacial energies, respec-
tively. A small contact angle favors wetting (i.e., the liquid coats the solid surface) 
and densifi cation during LPS, and φ must be <60° to achieve theoretical density 
during LPS.22

The primary objective of sintering is to produce a cohesive body of the desired 
size and shape with a microstructure that optimizes the desired in-use properties. For 
ceramics, this often translates to a high relative density body (i.e., theoretical or nearly 
theoretical density) composed of fi ne (i.e., micrometer size), uniform-size grains.

5.3 Characterization of Ceramics

Ceramic characterization1, 30–32 can range from a process as simple as determining the 
bulk density of a green powder compact from its mass and dimensions, to a process as 
complicated as identifying the composition and structure of a submicron size crystal in a 
dense ceramic matrix using analytical electron microscopy (AEM). Some of the impor-
tant characteristics evaluated during ceramic consolidation are outlined in Figure 5.2.

During consolidation, both the chemical and physical characteristics of a 
ceramic are important. Primarily physical changes occur during the green forming 
process; consequently, physical characteristics including density and pore struc-
ture are the most important during the forming stage of consolidation. Chemical 
changes primarily occur during pre-sintering thermal processing, making composi-
tion the critical characteristic during this stage. Appreciable chemical and physical

Figure 5.1 An illustration of the equilibrium dihedral angle, q, formed at a 
pore–grain boundary intersection during solid-state sintering.
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changes can occur during sintering, so both chemical and physical characteristics are 
important during the fi nal stage of consolidation.

Some of the important chemical and physical characteristics of a ceramic body 
during the consolidation stages of ceramic processing, and some of the pertinent 
characterization tools that can be used to assess process reproducibility and the con-
sequences of consolidation are summarized in Tables 5.1 and 5.2.

Characteristics and Characterization of Green Ceramic Compacts

Important chemical characteristics of a green powder compact after forming include 
bulk chemical composition and chemical homogeneity. Bulk composition and any 
chemical contaminants acquired during processing can be identifi ed with inductively 
coupled plasma emission spectroscopy (ICP),33 X-ray diffraction (XRD),34 and 
X-ray fl uorescence spectroscopy (XRF)33 (e.g., using scanning electron microscopy 
[SEM] in combination with electron or wavelength dispersive spectroscopy [EDS or 
WDS]). Atomic absorption spectroscopy (AAS)33 can also be used to analyze compo-
sition; however, it is limited by being a single-element technique. Optical microscopy 
(OM) and electron microscopy (e.g., SEM/backscatter, or SEM with EDS dot maps) 
offer means of assessing chemical homogeneity. Major chemical contaminants and 
compositional heterogeneities may be avoided by employing controlled clean room–
type processing and proper mixing techniques.

Important physical characteristics of a ceramic body after green forming include 
size, shape, and density. The volume and size of the green body are determined by 
the forming mold or die. Density is determined by the particle packing, which is 
determined by the forming technique and pressure. Pore volume, size, and size distri-
bution are determined by the size and shape of the particles and the particle packing.

Particle packing may be the single most important physical characteristic of a 
powder compact. Improved particle packing increases particle coordination and the 

Figure 5.2 Characteristics evaluated during ceramic consolidation to identify and control 
processing–microstructure–property relationships.
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relative density of the compact, which increases the number of material transport 
paths for densifi cation while decreasing the concentration, size, and size distribu-
tion of the pores present in the powder compact. Consequently, in closely packed 
particle compacts, densifi cation occurs faster, to higher end-point densities, and 
with less overall volume shrinkage during sintering. Uniform particle packing in 
a green compact ensures uniform densifi cation and shrinkage during sintering. 

Characteristic Characterization Tool

Bulk composition Inductively coupled plasma emission spectroscopy (ICP)
Wet chemical analysis
Atomic absorption (AA)
X-ray diffraction (XRD)
X-ray fl uorescence (XRF)
Neutron activation analysis (NAA)

Impurity composition/
concentration

Inductively coupled plasma emission spectroscopy (ICP) 
Atomic absorption spectroscopy (AAS)

Elemental distribution/
local chemistry

Optical microscopy (OM)
Scanning electron microscopy (SEM) and energy-dispersive 
     spectroscopy (EDS) or wavelength dispersive spectroscopy 

(WDS)
Electron probe microanalysis (EPMA)
Transmission electron microscopy (TEM)
Analytical electron microscopy (AEM) scanning TEM (STEM) 
    with EDS and electron energy loss spectroscopy (EELS)
X-ray absorption spectroscopy (XAS)

Surface/interface 
chemistry

X-ray photoelectron spectroscopy (XPS, ESCA)
Auger electron spectroscopy (AES)
Secondary ion mass spectroscopy (SIMS)
Ion scattering spectroscopy (ISS)
Ultraviolet photoelectron spectroscopy (UPS)
Infrared spectroscopy (IR)
Raman spectroscopy

Drying and 
thermochemical events 
(decomposition and 
dehydration)

Thermomechanical analysis (TMA)
Dilatometry
Thermogravimetric analysis (TGA)
Differential thermal analysis (DTA)
Differential scanning calorimetry (DSC)
Gas chromatography/mass spectroscopy (GC/MS)

Table 5.1  Chemical characteristics and tools for characterizing the chemical characteristics 
of ceramics.
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Table 5.2  Physical characteristics and tools for characterizing the physical characteristics of 
ceramics.

Characteristic Characterization Tool

Density Density by dimension and mass
Hydrostatic weighing (Archimedes’ method)
Pycnometry (displacement)
Comparison with heavy liquids

Densifi cation (kinetics) Thermomechanical analysis (TMA)
Dilatometry

Porosity (volume, size, and 
distribution)

Mercury porosimetry (intrusion)

Surface area/porosity BET gas adsorption
Permeametry
Small angle neutron scattering (SANS)
Small angle X-ray scattering (SAXS)

Density homogeneity Mercury porosimetry
Optical microscopy
Scanning electron microscopy (SEM)
X-ray radiography
Ultrasound
Magnetic resonance imaging (MRI)
Die penetration

Particle/grain size, 
distribution, morphology, 
and texture

Optical microscopy (OM) and quantitative stereology
Scanning electron microscopy (SEM) and quantitative 
    stereology
Transmission electron microscopy (SEM)
Scanning transmission electron microscopy (STEM)
X-ray diffraction (XRD)

Phase identifi cation/
molecular structure

X-ray diffraction (XRD)
Electron diffraction (ED)
Fourier transform infrared spectroscopy (FTIR)
Raman spectroscopy
Extended X-ray analysis fi ne structure (EXAFS)
Neutron diffraction

Thermal events (phase 
transitions and 
transformations)

Differential thermal analysis (DTA)
Differential scanning calorimetry (DSC)
Thermomechanical analysis (TMA)
Dilatometry
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Packing heterogeneities due to the presence of agglomerates (i.e., densely packed 
fi ne-particle clusters) or density gradients created during forming are undesirable 
because they promote differential or heterogeneous densifi cation within the ceramic 
body. This often results in warping, the formation of critical defects, exaggerated 
grain growth (i.e., the growth of a few grains to ≥10 times the average grain size), and 
incomplete densifi cation during sintering. To avoid the deleterious consequences of 
heterogeneous densifi cation, ceramic fabrication processes are usually designed and 
controlled with the intent of optimizing green density while minimizing density gra-
dients during forming. Examples of the consequences of uniform and heterogeneous 
densifi cation are illustrated and compared in Figure 5.3.

Macroscopically, the particle packing in a powder compact can be assessed on 
the basis of the relative density of the compact. Relative density, ρ/ρth, which is 
the bulk density,† ρ, divided by the true or theoretical density,‡ ρth, defi nes the 
volume of porosity present in the compact that must be eliminated during sinter-
ing to achieve theoretical density. The true density of a material can be determined 
by pycnometry (i.e., fl uid displacement) on a fi nely crushed sample.35, 36 The bulk 

Figure 5.3 An illustration of homogeneous and heterogeneous densification 
during green powder compact sintering. Homogeneous densifica-
tion, which is achieved with uniformly packed powders, results in a 
volume decrease without a change in shape. A lower green density 
compact experiences a greater overall volume shrinkage on sinter-
ing to theoretical density. Heterogeneous densification, which occurs 
when density variations exist within the green compact, also results 
in a volume decrease; however, lower density regions can be physi-
cally constrained from sintering to theoretical density, resulting in 
shape distortion and incomplete densification.

† ρ = Ms /(Vs  + Vv), where Ms is the mass of the solids, Vs is the volume of the solids, and Vv is the 
volume of porosity.

‡ ρth = Ms/Vs .
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density of a green powder compact consisting of interconnected porosity that is 
open to the compact surface is easily determined from the measured mass and bulk 
dimensions of the compact.37 Bulk density can also be determined by hydrostatic 
weighing35 (Archimedes’ method), either by preventing liquid penetration into the 
open porosity with a thin surface coating of wax, or by accounting for the volume of 
liquid that infi ltrates the open porosity by considering the difference in mass between 
the sample dry and saturated with liquid.

The processing techniques and additives used in forming a ceramic powder com-
pact largely determine the relative (green) density and subsequent sintering behavior 
of the compact. Figures 5.4 and 5.5 illustrate the effects different binder systems 
and uniaxial die pressing pressure can have on the green density and the subsequent 
densifi cation of alumina during sintering. It is well known that pore volume and 
size decrease38, 39 and that the fi ner and more uniform pore structure in higher green 
density compacts contribute to more uniform densifi cation and higher end-point 
densities on sintering.40–42 Figure 5.4 illustrates how the green density of an alumina 
powder compact increases with increasing die pressing pressure; Figure 5.5 shows 
that higher sintered densities are achieved in the higher green density compacts.

Mercury porosimetry provides a more quantitative method of characterizing 
the porosity in a particle compact. Bulk density, pore volume, mean pore size, and 
the pore size distribution of a powder compact can all be determined by mercury 
porosimetry.36, 43, 44

The mercury porosimetry results presented in Figure 5.6 illustrate the infl uence 
of particle size and size distribution on the size and size distribution of the porosity 
in green ceramic fi lled glass (CFG) composites consisting of 65 vol % of 0.4–1.5-μm 
median particle size alumina and 35% borosilicate glass. The porosimetry results 
reveal that a relatively broad size distribution of pores exist within the green pow-
der compacts and that pore size distribution and mean pore radius decreases with 
the substitution of fi ne alumina for the coarse in the CFG composites. The mean 
equivalent cylindrical pore radius, re, and surface-volume mean equivalent spheri-
cal particle radius, Rsv, of a powder compact consisting of ≥1-μm particles are 
proportional to one another and related by the fractional porosity, ε, of the powder 
compact by

Consequently, for the same fractional porosity (i.e., relative density), pore size 
increases proportionally with increasing particle size, and fi ner pores are expected in 
compacts composed of fi ner particles.43 Using Equation 5.4, one can approximate 
the mean pore size in a powder compact solely on the basis of the mean size of the 
particles in the compact and its relative density.

The mean pore size in a powder compact is proportional to the square root of 
the mean velocity at which a viscous fl uid will fl ow through that compact, and 
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inversely proportional to its surface area; consequently, powder compact surface areas 
determined by permeametry43 and gas adsorption36, 43, 45 can also provide informa-
tion about the porosity of a powder compact. In contrast to mercury porosimetry, 
however, permeametry measurements provide only mean pore size information, and 
the accuracy of the results can vary depending on the volume and distribution of the 
porosity present.

The Fisher sub-seive sizer employs permeametry in a relatively quick and simple 
technique to determine the volume specifi c surface area, S, of a powder compact. 
In combination with the pore volume of the compact, Vv, the mean equivalent 
radius, re, of the macropores (>1000 Å radius) in a dense green powder compact 
composed of micron-size particles can be estimated from

Gas adsorption measurements using the BET method offer an alternate, more 
precise method of determining S, as well as the size and size distribution of meso-
pores (8–1000 Å) in a powder compact. Comparisons of the mean pore radius of 
high green-density CFG composites composed of micron-size particles determined 
by mercury porosimetry25 and from surface area measurements using Equation 5.546 
show good agreement.

Figure 5.4 Green density of a 0.35-µm median particle size alumina compact as 
a function of uniaxial die pressing pressure. At comparable pressing 
pressures, higher green densities are achieved with 2 vol % of 20 M 
PEG wax binder as compared with Rhoplex B60-A acrylic wax emul-
sion. Green density increases proportionally with the log of the ap-
plied pressure for both systems.
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Additional techniques for characterizing porosity in porous compacts include small-
angle neutron scattering (SANS),30, 47, 48 small-angle X-ray scattering (SAXS),49 and 
microscopy coupled with quantitative stereology.50, 51 Ultrasound, X-ray radiogra-
phy, and magnetic resonance imaging (MRI) have also been used to characterize 
porous compacts.30

Figure 5.5 Sintered density of 0.35-µm median particle size alumina as a func-
tion of green density (and uniaxial die pressing pressure). Higher 
sintered densities are achieved in the higher green density bodies 
produced with the 20 M PEG wax binder and in the higher green 
density bodies formed at the higher pressing pressures.

Figure 5.6 Mercury porosimetry results showing the pore volume distribution 
in green CFG composite bodies composed of 35 vol % glass and 65% 
“coarse,” 1.5 µm (100:0), “fine,” 0.4 μm (0:100) alumina filler, or mix-
tures thereof.25
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Characterization of Pre-Sinter Thermal Processes

Pre-sinter thermal processes typically involve weight changes and thermochemical 
reactions. Two important pre-sinter thermal processes include drying and binder 
burnout.

Drying can be characterized by monitoring weight loss or volume shrinkage with 
time. Weight loss during drying can be characterized using thermogravimetric analy-
sis (TGA). Thermomechanical analysis (TMA) or dilatometry can be used to moni-
tor shrinkage during drying and help defi ne the heating rates, drying times, and tem-
peratures required to yield the desired size and shape product for sintering. Optical 
imaging techniques can also be useful to monitor the movement of the liquid–vapor 
drying front and to asses the kinetics of drying.

Organic binder removal can be characterized using thermal analysis and spec-
troscopy techniques.34 Thermogravimetric analysis (TGA) is commonly used to 
characterize weight loss as a function of heating conditions during binder burn-
out.52, 53 Differential thermal analysis (DTA) and differential scanning calorimetry 
(DSC) are used to characterize thermochemical, binder decomposition reactions 
during heating.54, 55 Gas chromatography/mass spectroscopy (GC/MS) and Fou-
rier transform infrared spectroscopy (FTIR) are used to analyze the products of 
binder burnout and to better defi ne the burnout process for specifi c binders.54–56 
Thermomechanical analysis (TMA) has been used to characterize volume changes 
during burnout.52

In addition to characterizing binder decomposition, thermal analysis is also 
useful to characterize precursor powder decomposition and dehydration prior to 
sintering.

Characteristics and Characterization of Sintered Ceramics

Sintering is undoubtedly the most complicated consolidation process and, conse-
quently, one of the most diffi cult to characterize. The chemical and physical changes 
that occur during sintering include chemical reactions to form new compounds, 
chemical changes through vaporization and oxidation, densifi cation, physical 
changes in the pore and grain size and morphology, the formation of interfaces/grain 
boundaries, phase transitions such as melting and crystallization, phase transforma-
tions (e.g., α ↔ β quartz), grain rearrangement, and liquid phase redistribution (i.e., 
during LPS).

Microscopy may be the most versatile and most widely used method of charac-
terizing sintering. However, because of the broad range of chemical and physical 
changes that occur during densifi cation and microstructure development, micros-
copy is often supplemented with a variety of other characterization techniques.

As in a green ceramic body, important chemical characteristics of a powder 
compact during and after sintering include bulk chemical composition, chemi-
cal homogeneity, and the compositions and concentrations of impurities or unde-
sired phases. Composition can be characterized by ICP,33 XRD,34, 57 and XRF.33 
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Chemical homogeneity can be evaluated using OM, SEM in the backscatter mode or 
with EDS dot maps, and scanning acoustic microscopy (SAM).58 Phase distribution 
and chemical homogeneity can also be assessed with micrographs and quantitative 
stereology.51, 59, 60

Chemical information about the surfaces and interfaces of sintered ceramics can 
be obtained using electron probe microanalysis (EPMA),61 Auger electron spectros-
copy (AES),61 X-ray photoelectron spectroscopy (XPS or ESCA),61 ion scattering 
spectroscopy (ISS),31 secondary ion mass spectroscopy (SIMS),31 and ultraviolet 
photoelectron spectroscopy (UPS).

Phase evolution during sintering and subsequent thermal processing can be char-
acterized with XRD62 and DTA.63, 64 The crystalline products of phase transitions 
and phase transformations in excess of a few percent can be identifi ed by XRD, while 
information concerning thermochemical reactions, including reaction rates, temper-
atures, and whether the reactions are endothermic (e.g., melting) or exothermic (e.g., 
crystallization), can be obtained by DTA.34

Relatively large (i.e., micrometer size) regions of minor concentrations of non-
primary or segregated phases in a sintered ceramic can be characterized using SEM 
and EDS spot imaging, or EPMA. A combination of SEM and EPMA is useful 
to identify foreign or unusual phases and structures in a microstructure and to 
obtain information about the mechanisms of densifi cation. An example is presented 
in the SEM micrographs in Figure 5.7, which show distinct microstructural dif-
ferences in and about macropores in sintered and HIPed PZT. EPMA determined 
that, while the composition of the sintered PZT is homogeneous, a lead-rich liquid 
migrates to the macropores, and lead-rich crystals form within macropores during 
HIP-ing.65, 66 By analyzing phase diagrams for PZT it was determined that a lead-
rich liquid phase forms as a result of the slight excess concentration of PbO in the 
starting powder.67, 68 The lead-rich liquid forms by pressure-enhanced dissolution 

Figure 5.7 SEM micrograph of a macropore in PZT (a) after sintering for 60 min at 1320 °C in 
oxygen and (b) after HIPing for 45 min at 1300 °C and 21 MPa in oxygen.65, 66
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during HIPing, promoting densifi cation of the PZT by liquid redistribution, dis-
solution-reprecipitation, and grain rearrangement. The tetragonal crystals within 
the macropores are lead titanate crystals that precipitate from the lead-rich liquid. 
The piezoelectric properties of PZT are extremely sensitive to composition,67 and, 
while the addition of PbO to PZT can enhance sinterability and compensate for 
PbO vaporization during sintering,69, 70 too much PbO can severely degrade the 
properties of PZT. Microstructural and chemical analyses revealed that, in combi-
nation with pressure during sintering, a slight excess of PbO in PZT can improve 
densifi cation without deleteriously affecting properties.

Minor concentrations of foreign compositions at grain boundaries and three-grain 
junctions in a sintered ceramic can be characterized using transmission electron micros-
copy (TEM)71 and electron diffraction, scanning transmission electron microscopy 
(STEM)71 with EDS or electron energy loss spectroscopy (EELS), and AES.71

Information on grain boundary structure, the structure of second-phase precipi-
tates, and crystal defects can be obtained using high-resolution electron microscopy 
(HREM).72

Densifi cation during sintering can be indirectly characterized by continuously 
monitoring the linear shrinkage of a sample with time during sintering using a TMA 
or dilatometer. Based on the measured green density, ρg, of a powder compact, and 
the normalized, measured linear dimensional change, ΔL/L, (i.e., where L is the 
sample length and ΔL is the change in length) during sintering, the density, ρs , of the 
ceramic can be approximated at any time during sintering.

Figure 5.8 Thermomechanical analysis (TMA) plot of the linear shrinkage and 
densification of a CFG composite containing 50 vol % glass as a func-
tion of time at 800 °C.25
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Consequently, TMA can provide valuable information concerning the kinetics of 
densifi cation as well as the extent of densifi cation during sintering.73 Figure 5.8 
shows the densifi cation of a CFG composite during heating to and soaking at 
800 °C for 1 h. Consistent with rapid glass redistribution by infi ltration and rapid 
densifi cation by grain rearrangement, densifi cation occurs rapidly during the initial 
and intermediate stages of sintering. The rate of densifi cation decreases appreciably 
during fi nal-stage sintering when material transport is controlled by the viscous fl ow 
of the high-viscosity ceramic-fi lled-glass dispersion.74

Although more labor-intensive and less effi cient, information on the densifi ca-
tion kinetics and densifi cation can also be obtained from density measurements on 
different individual samples as a function of time for otherwise identical sintering 
conditions. Bulk density measurements on ≤92% dense sintered samples containing 
open porosity can be determined from the measured mass and dimensions of the 
compact,37 while Archimedes’ method35 works well for closed pore, >92% dense 
bodies. The density of closed pore samples can also be determined by pycnome-
try (e.g., helium pycnometry),35, 37 mercury porosimetry,37 and by the sink-fl oat 
method35 (i.e., whereby the buoyancy of the sample is assessed and compared in 
different density liquids). Density can also be estimated from micrographs using 
quantitative stereology.

Densifi cation data coupled with microstructure information can also provide 
valuable information about the mechanisms of densifi cation and the conditions 
required to achieve the desired level of densifi cation during sintering. As shown in 
Figure 5.9, in comparison to conventional sintering, higher densities are achieved 
with comparable glass concentrations in hot pressed samples that are densifi ed 
under an externally applied pressure. The densifi cation data indicate that >95% 
dense CFG composites can be produced with as little as 30 vol % glass; however, 

Figure 5.9 A comparison of the densification and microstructures of (a) vacuum hot pressed 
(HP) and (b) sintered alumina-filled borate glass composites containing 20–35 
vol % glass.46 Higher densities are achieved by hot pressing.
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the SEM micrographs indicate that an externally applied pressure is required to 
induce grain rearrangement to realize this densifi cation. The dense CFG composite 
skeletal structure of the sintered composite indicates that glass redistribution occurs 
during the early stages of sintering to eliminate the fi ne pores between alumina 
particles, leaving behind larger pores in the composite microstructure where the 
glass originally resided. In absence of an external pressure to collapse the large 
pores, additional densifi cation must occur solely by surface tension-driven viscous 
fl ow; however, the viscosity of the CFG composite skeletal structure containing 
only 30–35% glass is too high for additional densifi cation to be realized during 
conventional sintering.74

Pressure sintering can also be useful to further density sintered ceramics. The den-
sity of liquid-phase sintered PZT was improved from ∼97% to ∼98% of theoretical 
density by HIPing for 7.5–60 min at 1300 °C and 7–21 MPa.65, 66 Consistent with 
the microstructural evidence of liquid formation and redistribution (Figure 5.7), and 
the preferential annihilation of the fi ne, submicrometer porosity within the micro-
structure, the majority of densifi cation occurs rapidly, within the fi rst few minutes 
of HIPing.

The inability to achieve theoretical density during HIPing is, in part, attributed 
to the incomplete elimination of the gross macroporosity in the PZT microstruc-
ture. Using SEM and quantitative stereology51, 52, 75 (i.e., the average lineal intercept 
method) it was determined that macropores in the PZT shrink but are not elimi-
nated during HIPing. SEM analysis of the PZT revealed that, as has been observed 
in other liquid-phase sintered systems,76, 77 macropore shrinkage occurs by migra-
tion of liquid into the macropores during HIPing (Figure 5.7). The liquid phase is 
critical to the macropore shrinkage observed during HIPing, since similar experi-
ments conducted on solid-state sintering alumina show that HIPing has little effect 
on the macroporosity.28, 29 The densifi cation and microstructural evidence for the 
PZT system indicate that, while there was enough liquid to decrease the size of the 
macropores in the PZT microstructure during HIPing, there was insuffi cient liquid 
present to eliminate them.

Reducing the size of the macropores in the PZT microstructure by pressure 
enhanced liquid-phase sintering improves the dielectric breakdown strength of 
the PZT; however, presumably due to the minor concentration of non-PZT 
phase present in the microstructure, the piezoelectric properties are not deleteri-
ously affected.

The evolution of the open-pore structure of a powder compact during sinter-
ing can be characterized using mercury porosimetry and gas adsorption, and such 
information can also be useful in elucidating sintering mechanisms. The results 
from mercury porosimetry analyses conducted on CFG composites as a function of 
sintering time show that the fi ne porosity in the composite microstructure is pref-
erentially eliminated and that a narrow distribution of larger, 0.3–0.4-μm radius 
pores are created during initial-stage sintering25 (Figure 5.10). As sintering pro-
gresses, the volume and size of the larger porosity slowly decrease. The preferential 
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and rapid annihilation of the fi ne porosity during sintering supports the hypothesis 
of glass redistribution by infi ltration during initial-stage sintering, and the formation 
of larger pores during initial-stage glass redistribution is also consistent with this 
model and microstructural evidence.46

Pore structure evolution during sintering can also be characterized using 
SANS,30, 47 SAXS,49 and microscopy coupled with quantitative stereology.50, 51

Grain size, size distribution, and shape, and the changes that occur during sin-
tering can be characterized using microscopy coupled with quantitative stereol-
ogy.51, 59, 60, 75 XRD can also be used to characterize grain size.

The equilibrium dihedral angle formed at pore-grain boundary intersections in a 
ceramic during sintering can be characterized using SEM.78, 79

To determine if a liquid wets a solid and will favor densifi cation by LPS, contact 
angles can be measured using the sessile drop method.61, 80

The aesthetic quality of a sintered ceramic is also an important physical character-
istic. Surface imperfections such as blemishes, blisters, burrs, or cracks are generally 
characterized by visual inspection.81 Camber (i.e., waviness or bow) can be assessed 
from the physical dimensions of the ceramic. Surface roughness can be characterized 
using profi lometry.31, 61

Internal defects such as cracks, delaminations, large processing related voids, and 
density gradients in a sintered ceramic can be characterized using microscopy, ultra-
sound, X-ray radiography, and neutron scattering.30

The hermeticity of a sintered ceramic is particularly important in electronic com-
ponents. Fine size, open porosity or surface cracks in sintered ceramics can be char-
acterized by the bubble test82 or by dye penetration.83 The hermeticity of closed-
porosity sintered ceramics can be characterized using the helium leak test.84, 85

Figure 5.10 Mercury porosimetry results showing the microstructural evolution of a CFG 
composite composed of 35 vol % glass and 65% alumina as a function of time 
during sintering at 800 °C.25
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5.4 Summary

The processes employed in manufacturing a ceramic are defi ned and controlled 
with the intent of producing a product with properties suited to a specifi c application. 
Processing, microstructure, and properties are all interrelated, and it is important 
to understand these relationships to manufacture a high-quality, reliable product. 
Processing–microstructure, microstructure–property, and processing–property rela-
tionships can be identifi ed, monitored, and controlled by characterizing the ceramic 
body during the various stages of processing and after fi nal thermal consolidation. 
By understanding processing–microstructure–property relationships, it is possible 
to modify and optimize properties and identify and correct processing defi ciencies 
when less than optimal properties are obtained.

Ceramic consolidation processes include green body forming, pre-sinter thermal 
processing, and sintering. During consolidation, a variety of chemical and physi-
cal changes can occur, including pore shrinkage and elimination, densifi cation, and 
grain growth. Many of the changes that occur during consolidation can be charac-
terized using microscopy. Ceramic consolidation can be characterized more quan-
titatively using microscopy in conjunction with other characterization techniques, 
including spectroscopy, pycnometry, porosimetry, gas adsorption, thermal analysis, 
and stereology.
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Inorganic Glasses and Glass-Ceramics

richard k. brow
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6.1 Introduction

Two material characteristics separate glasses from other solids: (1) glasses have non-
crystalline structures and, (2) instead of melting when heated, a solid glass slowly 
transforms to a liquid in a temperature range defi ned as the glass transition.

The short-range (polyhedral level) bond structure of glasses and crystals are similar. 
For example, the structure of amorphous silica consists of silicon tetrahedra linked by 
bi-coordinated oxygen, the same short-range bonding as found in crystalline quartz. 
Recent neutron diffraction studies reveal that the intratetrahedral bond-lengths and 
angles in fused silica are virtually identical to those in crystalline polymorphs. How-
ever, the atomic arrangements (e.g., intertetrahedral bonding) in a glass are indistinct 
much beyond the polyhedral level. Crystalline solids have repeating atomic arrange-
ments that are defi ned by the unit cell and can be quantitatively characterized using 
X-ray or electron diffraction techniques. The broad distributions of the interpolyhe-
dral bond-lengths and angles in a glass structure result in essentially an infi nite unit 
cell that produces very broad, indistinct large angle X-ray or electron diffraction pat-
terns. The properties of polycrystalline materials are often controlled by the chemis-
try of their grain boundaries; there are no grain boundaries in glasses.

The transition from a solid glass to a liquid (the glass transition) is kinetically 
sluggish and thermodynamically distinct from that of a crystalline solid. Crystalline 
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materials undergo a fi rst-order transition to a liquid when heated through their melt-
ing point, whereas the glass transition is of a higher thermodynamic order.

The two unique features of glass (i.e., the noncrystalline structure and the glass 
transition) are usually considered “bulk” phenomena and thus are not typically 
probed using surface-sensitive spectroscopic techniques. However, as discussed in 
Section 6.3, local bonding information can be obtained using surface techniques like 
X-ray photoelectron spectroscopy (XPS). The glass transition is usually studied using 
thermal analytical techniques (e.g., differential scanning calorimetry). In some cases 
(particularly for low-transition-temperature glasses), dynamic information can by 
obtained by surface-sensitive probes, including photons and neutrons.

Glasses can be prepared from a wide variety of materials, including metals 
(Fe–B–P alloys, Au4Si, Pd4Si, etc.), organics (e.g., polyethylene, poly[vinyl chlo-
ride], etc.) and inorganic compounds. These latter materials include technologically 
important compositions based on oxides, chalcogenides, and halides. In this review, 
we discuss the characterization of inorganic glasses; techniques discussed in other 
chapters that have been developed to analyze the surfaces of conventional metals 
and polymers work equally well for glassy metals and polymers.

In general, surface analytical techniques are most often used to correlate the 
nature of glass surfaces with surface-dependent material properties. For example, the 
mechanical strength of a glass is dependent on the size and distribution of surface 
microcracks. Interactions between these cracks and the ambient atmosphere weaken 
a glass through the process of subcritical crack growth. In addition, chemical bond-
ing of materials to glass (i.e., attaching silane coupling agents when preparing glass/
polymer “fi berglass” composites; bonding glass to metal or glass-to-ceramic for her-
metic packages) is dependent on surface chemistry. The ability of a glass fi ber to trans-
mit light is dependent on controlling the composition of the fi ber surface to produce 
the necessary refractive index profi le. The chemical durability of a glass is controlled 
by surface reactions with the ambient liquid or gas. This latter example is discussed 
in greater detail in Section 6.4.

Microanalytical techniques are also useful for characterizing heterogeneities in 
bulk glasses. Processing defects, including stones and striae (resulting from unmelted 
raw materials or from furnace refractories), bubbles, and crystallized regions, can be 
characterized by analytical electron microscopic, including micro-diffraction. Such 
techniques are useful for characterizing distinctly different phases in glasses that have 
been purposely crystallized (glass-ceramics) or that have phase-separated (e.g., Vycor, 
Pyrex). A study of the nucleation and growth of crystalline phases in a technologi-
cally useful glass-ceramic composition will be reviewed in Section 6.5.

6.2 Possible Surface Analytical Artifacts

Because most technologically useful glasses are electrically insulating, care must be 
taken when using charged particles as an analytical probe. For example, Figure 6.1 
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shows the X-ray induced Na-KLL spectra from a 30 mole % Na2O, 70 mole % SiO2 
glass surface bombarded by a 3 keV, 0.5 mA/cm2 electron beam. The broad peak 
near 987 eV in the spectrum from glass that was freshly fractured in vacuum prior 
to exposure to the electron beam is typical for sodium involved in ionic bonds with 
oxygen, as expected from the atomic structure of sodium silicate glasses. Exposure 
to the electron beam has two effects on the surface sodium: (1) Na is depleted from 
the surface, and (2) much of the remaining sodium has been reduced to the metallic 
form, as indicated by the new peak near 994 eV. The sodium depletion results from 
the migration of Na+ ions away from the charged glass surface. This effect is well 
known and can be compensated for in Auger electron spectroscopy (AES) or in ana-
lytical scanning electron microscopy (ASEM) by using defocused primary electron 
beams with reduced current densities or by cooling the samples to liquid nitrogen 
temperatures to reduce the Na mobility.1 Oxygen outgassing from electron bom-
barded glass surfaces is another well-known artifact.2

“Inert” ion beams can also affect the surface composition and structure of in-
organic glasses. Figure 6.2 shows the effect of a 2.5 keV Ar-ion beam with different 
current densities on the surface sodium concentration (measured by XPS) of the 
30Na2O·70SiO2 glass mentioned previously. Again, there is a systematic depletion 
of sodium, the rate of which is dependent on the beam current density. The sodium 
depletion is dependent on both charge-induced migration of Na+ ions and prefer-
ential sputtering of the different oxide components of the glass.3 Modifi cations to 
the atomic bonding of glass surfaces often accompany the compositional changes. 
The O 1s spectra of Ar+-bombarded alkali silicate glass show increasing concentra-
tions of bridging oxygen, relative to nonbridging oxygen, as the surface becomes 

Figure 6.1 NaKLL spectra collected from a 30Na2O·70SiO2 glass bombarded by a 
3 keV, 0.50 mA/cm2 electron beam for various times. Note the devel-
opment of the peak near 994 eV due to Na0.
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alkali depleted.3, 4 This is consistent with an increase in surface structural polymer-
ization caused by the decrease in the alkali-to-silicon ratio. Clearly, such behavior 
must be considered when one employs ion beams to obtain depth profi ling informa-
tion (i.e., in secondary ion mass spectrometry [SIMS] experiments or when one uses 
ion beams with other surface sensitive spectroscopies like AES or XPS). These effects 
can be mitigated by neutralizing the surface with low-energy electrons or by using 
neutral particle beams.

Transition metals can be incorporated into glasses, and their oxidation states 
might be affected by the surface analytical probe. For example, Figure 6.3 shows 
the Cu 2p spectra collected from a 50 mole % CuO·50 mole % P2O5 glass melted 
under reducing (top) and oxidizing (middle) conditions; both spectra were collected 
after short exposure times to the 300 W Mg–Kα X-ray source. The reduced glass 

Figure 6.2 Surface concentration of sodium 
on a 30Na2O·70SiO2 glass initially 
fractured in vacuum, then bom-
barded by a 2.5 keV Ar-ion beam 
operated at various current den-
sities. (From Reference 3.)

Figure 6.3 Cu 2p spectra (5 min, 300 W Mg–ka X-rays) collected from a 
50CuO·50P2O5 glass melted in reducing (top) and oxidizing (middle) 
conditions; the latter sample was then exposed to the X-ray source 
for 200 min, after which the Cu 2p spectrum (bottom) shows the 
development of a Cu+ peak.
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spectrum is dominated by a peak near 934 eV, due to Cu+, whereas the oxidized sam-
ple has a Cu 2p binding energy near 937 eV due primarily to Cu2+. When this latter 
sample is exposed to the X-rays for 200 min (typical for a number of different high-
resolution spectra from a single sample), a shoulder on the Cu 2p spectrum (bottom) 
due to Cu+ clearly develops. Cu2+ (and other transition ions) is susceptible to X-ray-
induced reduction. Operating with a lower X-ray power minimizes this effect.

Finally, it is worth emphasizing that the composition and structure of glass sur-
faces can be distinctly different from the bulk characteristics, even if the surface has 
been exposed to ambient conditions for only short times. An extreme example is 
shown in Figure 6.4, where survey spectra from the surface of a B2S3 glass (developed 
for IR transmitting applications) fractured in vacuum (Figure 6.4a) are compared 
with those collected from the same sample after exposure to air for approximately 
1 min (Figure 6.4b). This very hygroscopic sample readily reacted with the ambient 
water vapor to form an oxide surface layer that is depleted in S. The increase in the 
B 1s binding energy of the oxidized sample (from ∼192.0–193.5 eV, relative to a C 
1s energy of 284.8 eV due to adventitious carbon) is consistent with the greater ion-
icity of the B–O bond compared with a B–S bond.

More conventional, chemically stable glasses also have modifi ed surfaces relative 
to their bulk as a result of interactions with the ambient atmosphere. In a review of 
glass and ceramic surface analyses, Pantano5 has shown that commercial sodalime 
silicate glasses exposed to the ambient have carbonaceous overlayers (consisting of 
both hydrocarbon and carbonate phases) on surfaces that are alkali-depleted as a 
result of interactions with atmospheric water and carbon dioxide. Pantano uses tech-
niques including XPS, AES, ion scattering spectrometry (ISS), SIMS, and sputtered-
induced photon spectrometry (SIPS) to qualitatively and quantitatively characterize 
these surface layers.

For additional information about potential problems that can be encountered 
during the surface analysis of glass, the reader is directed to several reviews available 

Figure 6.4 Survey photoelectron spectra from a B2S3 glass (a) fractured in 
vacuum, then (b) exposed to air for 1 min.
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in the literature.6–9 The recent Proceedings of the Tenth University Conference on Glass 
Science10 contain over 30 papers on the physics and chemistry of glass surfaces with a 
particular emphasis on characterization. Several references from these Proceedings are 
included in the following examples.

6.3 XPS Studies of Bonding in Glass

As mentioned already, the local atomic bonding of atoms in a glass is comparable to 
that in the corresponding crystal; in general, cations and anions form similar polyhe-
dral arrangements in crystalline and amorphous materials. The structural similarity 
breaks down at the level at which the polyhedra are arranged; crystals have symmetric 
polyhedral arrangements, whereas glasses do not. As a result, diffraction techniques 
that precisely locate the relative positions of ions in a crystal cannot provide compa-
rable information about the long-range atomic structure of glass.

Several surface-sensitive techniques can provide details about bonding in amor-
phous materials. Such information complements structural analyses obtained by tra-
ditional bulk analytical techniques like Raman and infrared spectroscopy, solid state 
nuclear magnetic resonance spectroscopy, and Mössbauer spectroscopy.

X-ray absorption techniques, including EXAFS and XANES, have been used to 
characterize cationic polyhedra in a variety of glasses (see the review by Greaves11); 
for example, these analyses have revealed a degree of alkali and alkaline earth clus-
tering in silicate glasses, suggesting new mechanisms for many transport-dependent 
properties. Information about atomic arrangements can be obtained by character-
izing the mass-to-charge ratio of ionized species sputtered from glass surfaces during 
neutral-beam SIMS experiments.7 ESR (electron spin resonance) measurements of 
powders can be used to characterize electronic defects associated with glass surfaces.12 
Finally, XPS is a powerful tool for quantitatively characterizing bonding in simple 
glasses. Several examples of anion-substituted phosphate glasses are discussed below; 
the literature contains many other XPS studies of a wide range of glass compositions.

Careful sample preparation is critical for obtaining useful structural information 
from surface-sensitive techniques such as XPS. We have found that fracturing the 
glass sample in vacuum immediately before analysis produces a surface with a struc-
ture and composition that is most representative of the bulk. For reasons already out-
lined, polished samples or samples exposed to the ambient have compositionally and 
structurally altered surfaces that yield misleading results. Surfaces that are created by 
inert ion sputtering in vacuum also are altered relative to the bulk.

Because most inorganic glasses are electrically insulating, some sort of charge ref-
erencing must be done in order to compare accurately binding energies measured 
from different samples. Binding energies can be corrected by referencing the C 1s 
peak for adventitious carbon at 284.8 eV.13 However, this procedure is generally 
unsatisfactory, particularly for samples fractured in vacuum that generally exhibit 
very little C 1s intensity. Charging can also be compensated for by referencing the 
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binding energies of different intense peaks to those reported for similar materials. 
However, as reported by Tasker et al.,14 subtle structural information might be lost 
when this charge correction technique is employed. Instead, they suggest depositing 
Au dots on the glass surface and, in conjunction with a low-energy electron fl ood 
gun, using the Au 4f binding energy as a reference.

Two types of oxygen ions are present in binary alkali (or alkaline earth) phos-
phate (or silicate) glasses: those that link neighboring P-tetrahedra (labeled “bridging 
oxygen”) and those that are bonded to only one tetrahedron (nonbridging oxygen). 
These latter oxygens are charge-compensated by neighboring alkali or alkaline earth 
cations. Adding an alkali oxide to a phosphate glass increases the concentration of 
nonbridging oxygen; the resulting depolymerization of the phosphate network sig-
nifi cantly affects a variety of properties. Quantitative structural analyses show that 
the bridging-to-nonbridging oxygen ratio (BO/NBO) in binary alkali phosphate 
glasses (xR2O·(1 – x)P2O5) depends on the mole fraction of R2O (the quantity x) 
according to

BO/NBO = 0.5(3 – 4x) (6.1)

Note that Equation 6.1 also works for divalent oxides (R’O) added to P2O5.
Contributions from the bridging and nonbridging oxygens are easily distin-

guished in the O 1s spectra from binary phosphate glasses (Figure 6.5a); the more 
ionic nonbridging oxygen has an O 1s binding energy approximately 2 eV lower 
than the bridging oxygen. The areas of each respective contribution can be mea-
sured to provide a BO/NBO ratio that is in excellent agreement (Figure 6.5b) both 
with results obtained by other spectroscopic techniques (in this case, by 31P MAS 
NMR spectroscopy15) and with the predictions of Equation 6.1. Comparable 

Figure 6.5 (a) O 1s spectra from several xZnO·(1 – x)P2O5 glasses; (b) quanti-
tative bridging-to-nonbridging oxygen ratios determined from the 
O 1s spectra and from 31P MAS NMR. The dashed line is the predicted 
ratio based on Equation 6.1.
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structural information is described in an XPS study of sodium silicate and sodium 
aluminosilicate glass.14

Signifi cant concentrations of other anions, including N and F, can be substituted 
for O in phosphate glasses, and analyses of the O 1s (and the N 1s or F 1s) spectra 
provide valuable information about how such incorporations modify the glass struc-
ture. For example, N-incorporation systematically reduces the BO\NBO ratio in 
a NaPO3 base glass in a way that suggests that both BO and NBO are replaced by 
N-species.16 Fluorine, on the other hand, preferentially replaces bridging oxygen to 
form P–F bonds (confi rmed by the F 1s spectra).17 The resulting extensive structural 
depolymerization is consistent with the large decrease in glass transition temperature 
and signifi cant increase in thermal expansion coeffi cient with F-incorporation.

Multiple F-sites can also be characterized in more complex fl uorophosphate 
glasses. Figure 6.6 shows the F 1s spectra from a sodium aluminophosphate-base 
glass with different levels of F-incorporation. After charge referencing and comparing 
the two binding energy peaks with those collected from various standard samples,
the peak at ∼688.3 eV is attributed to F bonded to P and the peak at ∼685.5 eV is 
from F bonded to Al. Quantitative analyses of the relative peak areas17 reveal that, 
when F is added to an aluminophosphate glass, it fi rst bonds to Al. Once all Al sites 
are saturated, additional F then bonds to P. Similar XPS information about F-bond-
ing has been reported for other glass systems.

6.4 Corrosion in Water

The interactions between glass surfaces and water, both liquid and vapor, produce 
altered surface layers that range in scale from a monolayer to several millimeters 

Figure 6.6 F 1s spectra from a sodium alumino-
phosphate glass containing (a) 5 wt % F 
and (b) 15 wt % F. (From Reference 22.)
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thick and thus can be studied by nearly any analytical tool. In this section, we will 
review several corrosion studies that employ a number of different techniques.

Water Vapor

Water vapor is chemisorbed to pristine silica surfaces, forming silanol (Si–OH) 
bonds. Investigators can qualitatively analyze different silanol species, including free 
hydroxyls and vicinal (hydrogen bonded) hydroxyl groups, using a variety of vibra-
tional spectroscopic techniques. For high-surface-area silicas (e.g, Cab-O-Sil, sol-gel 
SiO2), IR and Raman spectroscopic studies show that the formation of silanol species 
can be correlated with the disappearance of spectral features associated with strained 
siloxane linkages. The strained bonds are believed to result from the presence of 
2- and 3-membered siloxane rings, perhaps concentrated at the glass surface.18, 19 
For example, Figure 6.7 shows the Raman spectra collected from a high-surface area, 
sol–gel-derived amorphous silica sample originally dried at 600 °C in vacuum. This 
drying step creates a signifi cant concentration of strained siloxane bonds, as revealed 
by the sharp peak at 608 cm–1 (labeled “D2”). When this sample is exposed to water 
vapor, the D2 signal decreases and the peak at ∼3740 cm–1 increases; this latter fea-
ture is due to the SiO–H stretch. These spectral changes can be summarized by the 
following chemisorption reaction18:

Si–O–Si + H2O ➝ Si–OH HO–Si (6.2)

Figure 6.7 Raman spectra of SiO2 gels 
dried at 50 °C, heated to 200 °C 
or 600 °C, or fully consolidated 
at 1100 °C. (From Reference 19.)
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where Si–O–Si represents a strained siloxane surface site. 29Si MAS NMR spectros-
copy, including 1H cross-polarization experiments, provides complementary infor-
mation about the changes in the surface structure of these materials.19

Further exposure of glass surfaces to water vapor results in the formation of phy-
sisorbed water layers. These layers have their own vibrational signatures in the IR. 
In addition, the analyst can obtain quantitative adsorption information using both 
microbalance and modifi ed BET techniques; two recent papers describe such analy-
ses on SiO2 optical fi bers and on E-glass fi bers.20, 21 Such studies have more than 
academic interest; developing an understanding of the chemical and physical adsorp-
tion of water on glass surfaces is crucial to controlling a variety of technological 
properties, from the ultimate strength of a glass fi ber (infl uenced by stress corrosion 
interactions between the fi ber and adsorbed water) to the wettability and adhesion of 
polymer matrix materials in fi berglass composites.

Aqueous Solutions

The surfaces of multicomponent glasses are signifi cantly altered when exposed to 
aqueous solutions; the extent of the alteration layer is dependent on a variety of 
parameters, including the glass composition, the duration of exposure, the tempera-
ture and pH of the solution, and the ratio of the glass surface area to the solution 
volume. This section is not intended to be a discussion of the aqueous corrosion of 
glass; rather, several different studies are mentioned to provide an overview of the 
analytical tools that characterize such interactions.

The initial interaction between many different silicate, borate, or phosphate 
glasses and water often involves an exchange between the glass ions and protonated 
water (H3O+) to produce hydrated surface layers. The compositional profi les within 
these corrosion layers have been characterized by many different analytical probes. 
Neutral primary beam-SIMS (NPB-SIMS) is particularly useful for measuring 
Na-profiles in the outermost (<100 nm) surface layers. Neutral Ar0 particles have 
much less effect on mobile Na+ ions in the insulating glass surface and thus are 
less likely to produce analytical artifacts than is the case for conventional SIMS. 
Reference 22 contains good examples of Na profiles obtained by NPB-SIMS 
from soda-lime silicate surfaces corroded in 90 °C water. Na-profiles in thin 
(<100 nm) corrosion layers have also been measured using AES or XPS or both in 
conjunction with ion milling.

Because hydrogen often is incorporated into corroded glass surfaces, the charac-
terization of H profi les is important to understanding corrosion behavior. SIMS and 
SIPS are useful for characterizing H in near surface (<1 μm) layers (e.g., see Refer-
ence 23).

Ion scattering techniques are useful for characterizing corrosion layers. ISS pro-
vides information about the outermost monolayer. ERD (elastic recoil detection) is 
sensitive to light elements in a heavy matrix and thus provides useful H and Li pro-
fi le information. Rutherford backscattering spectrometry (RBS), on the other hand, 
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is suitable for the analysis of heavy elements in a light matrix and thus can pro-
vide complementary information about the distribution of other glass-forming and 
modifying ions. Nuclear reaction analyses (NRA) also provide profi le information 
about specifi c elements (e.g., H analysis by 1H + 15N ➝ 12C + 4He + 4.43 MeV 
γ-radiation). In an interesting study illustrating the advantages of employing a vari-
ety of analytical techniques, Bach et al.,24 used SIMS, IBSCA (or SIPS), RBS, and 
NRA to characterize fully the hydrated corrosion layers on a SiO2·BaO·B2O3 glass.

The complementary nature of RBS and ERD analyses is illustrated in Figure 6.8, 
which shows Na and H depth profi les of the surface layers that form on sodium 
borosilicate glass corroded in pH 8 aqueous solutions for various times.25 Na is 
depleted from the outermost surface and replaced by H at approximately a one-to-
one ratio. ERD analyses of B-profi les show no B-depletion, and RBS analyses show 
no signifi cant Si-loss at pH 8; however, the corrosion mechanism is dependent on 
solution pH.25

Depending on the experimental conditions, complex reactions can occur at the 
liquid–glass interfaces. For example, dissolution/reprecipitation reactions might pro-
duce surface species that can be characterized by microanalytical techniques. Figure 
6.9a shows an optical micrograph of the surface of a complex iron-barium-phosphate 
glass after several months in 70 °C deionized water. The light-colored regions are 
corrosion reaction products. EDS analyses (Figures 6.9b and 6.9c ) show that these 

Figure 6.8 Na (by RBS) and H (by ERD) depth profiles of 
the surfaces of a sodium borosilicate glass 
leached in a pH 8 aqueous solution at 70 °C 
for various times. (From Reference 25.)

imo-loehman-type-06.indd   113imo-loehman-type-06.indd   113 2/15/10   4:17 PM2/15/10   4:17 PM



114 INORGANIC GLASSES AND GLASS-CERAMICS Chapter 6

regions are rich in Fe and Ba, relative to the bulk glass, suggesting that hydrated Fe 
and Ba species have precipitated on the corroded glass surface. Such surface species 
might be further analyzed by X-ray diffraction and fl uorescence techniques.

6.5 Glass Crystallization

A common processing defect associated with glass formation is the presence of crys-
tallized regions; such regions may result from bulk or surface devitrifi cation or may 
be due to unmelted raw materials or undissolved refractory phases. Analytical optical 
and electron microscopic techniques are most useful in identifying these phases.

In some cases, glass crystallization is desirable. Glass-ceramics are a class of mate-
rials that are processed and formed as glasses and then are carefully crystallized to 

Figure 6.9 (a) Optical micrograph of the surface of a barium–iron–phosphate 
glass corroded in water for several months; (b) energy-dispersive 
X-ray spectra of the bulk glass, and (c) the corrosion product which 
shows enhanced Fe and Ba concentrations on the surface.

Figure 6.10 Scanning electron micrograph of a crys-
tallized lithium aluminosilicate glass 
after etching in HF.26
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obtain the properties of a ceramic. An example of the characterization of one glass-
ceramic composition is described below; the details of this examination can be found 
in Reference 26.

Certain compositions in the Li2O·Al2O3·SiO2 system form glass-ceramics that 
can be used in high thermal expansion (140 × 10–7/°C), high-strength sealing appli-
cations. Figure 6.10 shows a scanning electron micrograph of one such composition 
after the appropriate crystallization cycle. X-ray diffraction analyses (Figure 6.11) 
indicate that the high thermal expansion of the crystallized material is due to the 
formation of cristobalite (the equiaxed crystallites in Figure 6.10) and lithium meta-
silicate (the heavily etched platelets in Figure 6.10). Other crystalline phases that can 
be detected are lithium disilicate and lithium orthophosphate; both are present as 
small platelets in Figure 6.10.

A careful study of the heat treatment cycle required to form the glass-ceramic 
indicates that different crystalline phases epitaxially grow on heterogeneous Li3PO4 
crystal surfaces. This is illustrated by the transmission electron micrograph shown 
in Figure 6.12. Crystal lattice orientations given in Figure 6.12 were determined by 
electron diffraction techniques and confi rm the epitaxial growth mechanism.26

Figure 6.11 XRD spectrum of the crystallized glass-ceramic showing the presence 
of cristobalite, lithium metasilicate, lithium disilicate, and lithium 
orthophosphate phases.

Figure 6.12 Transmission electron micrograph showing the epitaxial growth of 
lithium metasilicate (LS) on a lithium orthophosphate (LP) crystal in a 
glass-ceramic heated through a typical thermal cycle.26

imo-loehman-type-06.indd   115imo-loehman-type-06.indd   115 2/15/10   4:17 PM2/15/10   4:17 PM



116 INORGANIC GLASSES AND GLASS-CERAMICS Chapter 6

Acknowledgment

The author wishes to thank a number of his Sandia colleagues, including G. W. 
Arnold, R. E. Loehman, and D. R. Tallant, for contributing their original research 
results to this chapter.

References

 1 C. G. Pantano, D. B. Dove, and G. Y. Onoda. J. Vac. Sci. Technol. 13 (1), 
414–418, 1976.

 2 J. L. Lineweaver. J. Appl. Phys. 34 (6), 1786–1791, 1963.

 3 R. K. Brow. J. Non-Cryst. Solids. 107, 1–10, 1988.

 4 R. K. Brow. J. Vac. Sci. Technol. A. 7 (3), 1673–1676, 1989.

 5 C. G. Pantano. Bull. Amer. Ceram. Soc. 60 (11), 1154–1167, 1981.

 6 H. Bach. Fresenius Z. Anal. Chem. 333, 373–382, 1989.

 7 C. G. Pantano. Rev. Solid State Sci. 3 (3, 4), 379–408, 1989.

 8 H. Bach. Glastech. Ber. 56 (1), 1–18, 1983.

 9 C. G. Pantano, J. F. Kelso, and M. J. Suscavage. In Advances in Materials 
Characterization. (D. R. Rossington, R. A. Condrate, and R. L. Snyder, 
Eds.) Plenum Press, New York, 1982, pp. 1–38.

 10 Proceedings. The 10th University Conference on Glass Science. J Non-Cryst. 
Solids. 120, 1989.

 11 G. N. Greaves. In Glass: Science and Technology, Vol. 4B. (D. R. Uhlmann 
and N. J. Kreidl, Eds.) Academic Press, San Diego, 1990, pp. 1–76.

 12 D. L Griscom. In Glass: Science and Technology, Vol. 4B. (D. R. Uhlmann 
and N. J. Kreidl, Eds.) Academic Press, San Diego, 1990, pp. 151–251.

 13 “Practice for Reporting Spectra in ESCA,” Annual Book of ASTM Standards, 
E 1015-84. American Society for Testing and Materials, Philadelphia, 1984.

 14 G. W. Tasker, D. R. Uhlmann, P. I. K. Onorato, M. N. Alexander, and 
C. W. Struck. J. Phys. 46 (12), C8-273–C8-280, 1985.

 15 R. K. Brow, R. J. Kirkpatrick, and G. L. Turner. J. Non-Cryst. Solids. 116, 
39–45, 1990.

 16 R. K. Brow, M. R. Reidmeyer, and D. E. Day. J. Non-Cryst. Solids. 99, 178–
189, 1988.

 17 Z. A. Osborne, R. K. Brow, and D. R. Tallant. In “Properties and 
Characteristics of Optical Glass II.” Proceedings. SPIE 1990 International 
Symposium on Optical and Optoelectronic Applied Science and 
Engineering. 1327, 203–211, 1990.

imo-loehman-type-06.indd   116imo-loehman-type-06.indd   116 2/15/10   4:17 PM2/15/10   4:17 PM



REFERENCES  117

 18 B. C. Bunker, D. M. Haaland, T. A. Michalske, and W. L. Smith. Surf. Sci. 
222, 95, 1989.

 19 C. J. Brinker, R. K. Brow, D. R. Tallant, and R. J. Kirkpatrick. J. Non-Cryst. 
Solids. 120, 26–33, 1990.

 20 G. M. Nishioka. J. Non-Cryst. Solids. 120, 34–39, 1990.

 21 L. A. Carman and C. G. Pantano. J. Non-Cryst. Solids. 120, 40–46, 1990.

 22 H. J. Franek and G. H. Frischat. J. Non-Cryst. Solids. 42, 561–568, 1980.

 23 I. S. T. Tsong. In Advances in Materials Characterization. (D. R. Rossington, 
R. A. Condrate, and R. L. Snyder, Eds.) Plenum Press, New York, 1982, 
pp. 39–57.

 24 H. Bach, K. Grosskopf, P. March, and F. Rauch. Glastech. Ber. 60 (1), 21–
46, 1987.

 25 B. C. Bunker, G. W. Arnold, D. E. Day, and P. J. Bray. J. Non-Cryst. Solids. 
87, 226–253, 1986.

 26 T. J. Headley and R. E. Loehman. J. Amer. Ceram. Soc. 67 (9), 620–625, 
1984.

imo-loehman-type-06.indd   117imo-loehman-type-06.indd   117 2/15/10   4:17 PM2/15/10   4:17 PM



imo-loehman-type-06.indd   118imo-loehman-type-06.indd   118 2/15/10   4:17 PM2/15/10   4:17 PM



  119

7

Ceramic Microstructures

altaf h. carim
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7.1 Introduction

Regardless of whether the application is structural, electronic, optical, or refractory, 
the performance of a given ceramic material is intimately linked to its microstruc-
ture. The arrangement of phases, interfaces, and defects on the microscopic and 
submicroscopic scale governs a wide range of properties, including everything from 
fracture toughness to superconducting current densities. This chapter presents an 
introduction to the microstructural features that are of interest in ceramic materials 
and discusses the appropriate techniques for analyzing particular types of micro-
structural problems.

A wide variety of features defi ne the microstructure of a solid. In the follow-
ing discussion, information on three-dimensional components such as grains, inclu-
sions, and pores is considered fi rst. This includes the shapes, sizes, and distribu-
tions of all structurally or chemically distinct phases. One section focuses specifi -
cally on the growth of crystalline grains and on some different morphologies that 
may result. In multiphase systems, the connectivity of each type of phase may need 
to be considered. Three-dimensional secondary phases include fi ne amorphous 
or crystalline inclusions and boundary layers, which are particularly prevalent in 
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120 CERAMIC MICROSTRUCTURES Chapter 7

ceramic materials. Finally, the extent of porosity—the presence of intrinsic or pro-
cessing-induced voids within the material—is critical in the fabrication of ceramic 
bodies and in their electromagnetic and mechanical behavior.

On a two-dimensional level, there are also several types of important microstruc-
tural features. Grain boundaries and interfaces between dissimilar phases control 
the properties of many systems. Defects, such as twins, stacking faults, and domain 
boundaries, often develop along specifi c habit planes in crystalline materials.

The most common one-dimensional features are dislocations. The generation 
and motion of dislocations, though not as important as in most metal systems, are 
still central issues with respect to plastic deformation and the production of planar 
defects in ceramics. Such defects also form readily during fi lm or crystal growth, as a 
result of thermal expansion mismatches, and to relieve lattice mismatch at interfaces.

Finally, there are zero-dimensional or point defects that could also be considered 
part of the microstructure of the material. These include vacancies or foreign atoms 
substituting at atomic positions in a crystal lattice as well as interstitial atoms residing 
in between the normal atomic sites. They are not discussed further in this chapter, 
partly due to limited space and partly because they are not amenable to observation 
by the same sorts of microscopic techniques typically used to defi ne the other aspects 
of the material microstructure. More information can readily be found in the many 
existing treatises on point defects and crystal chemistry in the literature.1

The various microstructural features discussed above are presented in further 
detail below, and a number of illustrative examples are provided. The following sec-
tion specifi cally addresses methods of phase identifi cation with respect to both crys-
tal structure and chemical composition. Finally, the chapter concludes with a brief 
description of stereology—the quantitative extraction of information about a three-
dimensional solid from the two-dimensional images of sections or surfaces that are 
normally available.

7.2 Bulk Microstructural Features

Grain Size, Shape, and Growth

There are many possible shapes and arrangements for individual grains in a crystal-
line material. A familiar type of microstructure, similar to that often seen in metals, 
is shown in Figure 7.1. This image is a scanning electron micrograph of a titania 
(TiO2) surface that has been polished and then thermally etched. A number of grains 
and their boundaries are visible, along with several pores situated upon the boundar-
ies (dark elliptical areas). For optical microscopy or scanning electron microscopy 
(SEM) of single-phase samples such as this one, either thermal or chemical etching is 
usually necessary in order to delineate the grain boundaries. In multiphase samples, 
on the other hand, the optical and chemical differences between the distinct com-
pounds make phase boundaries evident.
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7.2 BULK MICROSTRUCTURAL FEATURES  121

Whatever their initial size, almost all grains eventually succumb to grain growth at 
elevated temperatures. The reduction of grain boundary interfacial energy provides 
the driving force for straightening out curved boundaries, and the resulting growth of 
the average grain size by dissolution of the smallest grains is regulated by the atomic 
diffusion across boundaries. This process is therefore exponentially dependent on 
the temperature of the heat treatment. Grain shape is important in this process, 
since polyhedral grains with few sides tend to shrink while those with more sides 
and concave boundaries generally grow. The rate of grain growth is also inversely 
proportional to grain size itself, and thus the change in average grain diameter from 
the original grain size (Δd = d – d0) should be proportional to the square root of time. 
In real samples, however, this dependence is often modifi ed by the presence of inclu-
sions or sample size limitations which slow the grain growth. So-called abnormal 
or discontinuous grain growth, sometimes referred to as secondary recrystallization, 
may also occur; this is a phenomenon in which a few very large, many-sided grains 
grow rapidly at the expense of smaller ones due to the high curvature at the boundar-
ies between grains of very different sizes.2

Finally, individual grains can occasionally take on highly unusual shapes. In 
Figure 7.2, a transmission electron microscope (TEM) image of a Pb–Zr–Ti–O 
thin fi lm is presented. The light phase in the background consists of a phase with 
the pyrochlore structure, while each roughly circular region associated with the 
darker phase is actually a single crystal, albeit porous, with a perovskite-type unit 
cell. The basis for these determinations is discussed below in the section on phase 
identifi cation. All of the fi lamentary portions within each darker circle (actually a 

Figure 7.1 Scanning electron micrograph of the grain sizes and shapes for a 
sintered compact of TiO2. Grain boundaries have been revealed by 
thermal etching. Occasional pores are seen, situated along the grain 
boundaries or at triple points. (Courtesy of D. Hague, The Pennsylva-
nia State University.)
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pill-box shape in three dimensions) of perovskite are of the same crystallography 
orientation and are interconnected.

Connectivity

For multiphasic materials, a full understanding of their three-dimensional micro-
structure also includes a knowledge of how the separate phases are linked together. 
This is particularly important in electronic and magnetic ceramics, for which issues 
such as electronic transport along continuous pathways are central to the perfor-
mance of the material.3 The degree of connectivity is usually expressed as the number 
of dimensions (out of the usual three orthogonal spatial directions) in which each 
phase is self-connected.4 For instance, isolated particles of one phase in another, such 
as ceramic particulates distributed in a metal matrix composite, would constitute 
a microstructure with 0–3 connectivity, since the inclusions are not continuous in 
any dimension but the matrix is fully continuous in three dimensions. Similarly, a 
composite with a uniaxial arrangement of continuous fi ber reinforcements would be 
1–3 and a multilayered material (such as thin-fi lm X-ray mirrors or quantum well 
heterostructures—or, in a less exotic vein, plywood) would be 2–2. One particular 
area of interest is the change in properties at the percolation limit, where the amount 
of a dispersed second phase becomes large enough to force connections between the 
dispersoids, altering the connectivity of a composite material from 0–3 to 3–3. The 
percolation limit can be directly distinguished by suffi ciently careful microstructural 
evaluations, especially with depth-sensitive tools such as scanning acoustic micros-
copy, or indirectly by the way in which the connectivity change infl uences electrical 
or mechanical behavior.

Figure 7.2 Transmission electron micrograph showing the “rosette”-shaped 
single-crystalline grains of perovskite phase (dark) and the surround-
ing fine-grained pyrochlore matrix (light) in a thin film of lead zir-
conate titanate (overall composition PbZr0.53Ti0.47O3).
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Boundary Layers and Inclusions

Thin layers of amorphous material (or, occasionally, crystalline reaction products) 
that entirely coat grain boundaries are especially prevalent in ceramics, and inclu-
sions at boundaries are seen in many heterogeneous materials. The presence of a 
glassy (amorphous) phase at the boundary is generally associated with the segrega-
tion of an impurity species to that region. The impurity destabilizes the crystalline 
regularity of the bulk compound and thus, effectively, a fi lm of glass is formed, which 
wets the boundary. Well-known examples include silicate boundary layers in ZrO2 
and amorphous oxide and oxynitride interlayers, sometimes containing Y, in Si3N4.5, 6 
The most common sources of these impurities are the sintering aids that are incor-
porated in the ceramic and the milling media that are used to reduce the particle size 
in the starting powder.

Precipitates on grain boundaries can be a major factor in inhibiting grain growth, 
since the migration of a boundary is hampered when it is pinned by second-phase 
particles. Inclusions also affect the mechanical properties of the ceramic via interac-
tions with dislocations and point defects, and precipitate stress fi elds may infl uence 
the further segregation of other species dissolved within the grains.

Porosity and Density

Pores in ceramic materials arise largely from processing. Grain boundary pores, for 
example, are evident in Figure 7.1. The sintering of powders nearly always leaves 
behind residual porosity that is hard to remove without applying pressure during fi r-
ing. As a result, full density may be diffi cult to achieve. The actual density thus pro-
vides one measure of the porosity, with the effi cacy of sintering often expressed by the 
percentage of theoretical density (the nominal value calculated from the crystal struc-
ture and lattice parameters) that has been attained. The pore volume fraction can also 
be determined from lineal or areal analysis of polished sections as described below. 
Another measure for porosity is the surface area associated with the material, usually 
given in area per unit mass. Applications for which this is particularly important 
include catalyst supports and molecular sieve materials (such as zeolites), which are 
highly porous. In some cases, a critical distinction must be made between open and 
closed porosity. The former corresponds to a 3–3 connectivity in which the pores can 
all be accessed from the surface. The latter is a 0–3 situation and will result in reduced 
density; however, the apparent surface area as measured by infi ltration or immersion 
techniques will be quite low—perhaps several square meters per gram rather than 
several hundred square meters per gram—due to the isolation of the pores. Closed 
pores, which predominate at densities above about 90% of the theoretical density, 
are a major impediment to achieving full density during sintering since they are no 
longer linked to the surface and thus a major diffusion path has been deactivated. 
In addition to overall pore volume, the size of individual pores may also be of inter-
est in assessing their effects on further processing and on materials behavior. The 
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fi nal section of this chapter, on quantitative stereology, discusses the measurement 
of pore size.

7.3 Interfaces and Planar Defects

Grain Boundaries and Domain Boundaries

In addition to the effects on segregation and precipitation that were mentioned ear-
lier, the total area, orientations, and atomic structure of grain boundaries in ceramics 
can infl uence both processing and properties. As an example, the fl ow of electrical 
current across single grain boundaries in the high-temperature oxide superconduc-
tors has been studied in an elegant experiment utilizing thin-fi lm YBa2Cu3O7 – x 
bicrystals.7 It was found that the ratio of critical current density fl owing across a 
boundary to the average of the bulk values for the two adjacent grains was inversely 
proportional to the misorientation angle. In other words, as the grain boundary angle 
increased, the transport became more restricted. This has important consequences 
with respect to the texturing of polycrystalline ceramic superconductors. It is also 
important to keep in mind that the distribution of grain boundaries is not random; 
special grain boundaries that exhibit better matching across the interface are often 
more common than those at which there is no crystallographic relationship. A num-
ber of means are used to quantify these special boundaries. Most deal with either 
the spacing of interfacial dislocations required to accommodate the tilt and/or twist 
between the two grains, or the number of atoms on either side that are in registry 
across the boundary versus those that are not.

Domain boundaries can also be thought of as special types of grain boundaries. 
Two types are illustrated in Figure 7.3. The development of an ordered phase from 
an amorphous melt or solid, or during deposition on a substrate, may involve many 
nucleation sites. If the growth of the initial clusters occurs in such a way that they 
are oriented identically but are translationally offset by part of a unit cell, they will 
share an imperfect interfect when they impinge. The various separately nucleated 
regions are known as domains, and the interfaces where they meet are antiphase 
domain boundaries.

Separation into distinct domains can also occur in slightly distorted structures, 
such as ferroelectric oxides. Many perovskite-based unit cells, such as BaTiO3, are 
tetragonal below the Curie temperature, with the central ion displaced slightly from 
the middle of the cell towards one of the face centers. Since there are different direc-
tions in which the ion can be shifted, and since unit cells with like orientations tend 
to be clustered together rather than intimately intermixed, one can observe distinct 
ferroelectric domains with corresponding domain walls. The location, shape, and 
movement of these boundaries with applied electric fi elds or mechanical forces are 
of particular interest for the many transduction, memory, and optical applications 
in which ferroelectric materials are used. Ferromagnetic materials are similarly orga-
nized into domain structures.
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Heterogeneous Interfaces

The simplest heterogeneous interface is a surface, which can nonetheless be quite 
complex indeed. Faceting of a surface may occur along particular crystallographic 
planes, and the structure of the surface layer of atoms may be different from that 
in the bulk due to relaxation and reconstruction of dangling bonds. Similar con-
siderations apply to the grain boundaries mentioned previously as well as to other 
heterogeneous interfaces.

In the case of faceting, lattice planes with high surface or interfacial energies tend 
to separate into alternating, localized regions corresponding to low-energy interfaces. 
Figure 7.4 shows a TEM image of faceting for a SiC inclusion in an Al matrix. Each 
of the steps lies along a well-defi ned set of atomic planes corresponding to low-energy 
terminations of the SiC structure. The reorganization of planar crystal surfaces or 
interfaces into a set of facets has a number of consequences: it increases the total 
boundary area, which can modify chemical segregation; it infl uences mechanical 
properties and adhesion across the boundary; and it affects the lattice matching at 
any given point along the boundary.

Although interatomic relaxation and reconstruction may occur at solid–solid 
interfaces, the topic of epitaxy is a more prominent issue and has been of great 
interest for a number of years now.8 Formation of an epitaxial relationship implies 
that one crystalline phase (often in thin-fi lm form) is nucleated and grown upon 
another (a substrate) in such a way that a well-defi ned macroscopic orientation rela-
tionship occurs between the two as a result of lattice and chemical matching at the 
interface. The uniform formation of an appropriately oriented single-crystalline 
overlayer is of paramount concern in reliable fabrication of electronic and optical 

Figure 7.3 Schematic illustration of (a) an antiphase domain boundary in a cubic 
perovskite structure for an ABO3 material, and (b) a ferro-electric 
domain boundary in a material with a distorted perovskite cell such 
as BaTiO3, which is tetragonal below the Curie temperature. Each 
sketch shows the projected atomic positions along a viewing direc-
tion corresponding to the a-axis, or [100], of the crystal structure. A 
atoms are dark, B atoms are grey, and oxygen atoms are the large 
white circles.
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devices. For instance, epitaxial growth of oxide superconductors on specifi c ceramic 
substrates is very desirable for microwave and other applications. A high-resolution 
TEM image of the YBa2Cu3O7 – x superconductor deposited on a LaAlO3 substrate 
is presented in Figure 7.5.9 A direct correspondence between the crystallography in 
the fi lm and that in the substrate is evident, although there are some irregularities 
in the fi lm corresponding to interfacial and internal defects. The (001) planes of both 
the orthorhombic superconductor and the nearly cubic LaAlO3 are parallel to the 
interface, and the a- and b-axes ([100] and [010] directions) of the YBa2Cu3O7 – x 
are aligned with the same LaAlO3 directions in the interfacial plane. This orienta-
tion relationship at the interface persists over the entire sample; other studies have 
shown that it is disturbed only by foreign particles or preexisting steps at the sub-
strate surface.

Stacking Faults and Twins

Planar defects within individual grains are also important components of the 
microstructure. Stacking faults, in which the normal sequence of layers is locally 
disturbed by the insertion, removal, or partial translation of a single atomic plane, 
are readily revealed in most materials by etching or by TEM. They often occur as 
growth defects in thin fi lms, although it is also possible for them to be induced 
by further processing or environmental effects. As an example, basal-plane stack-
ing faults propagate into the SiC crystal from the step edges in Figure 7.4. The 
accumulation of vacancies or interstitials on a single plane produces a dislocation 
loop enclosing a fault, which is intrinsic if it results in a missing plane (vacancies) 

Figure 7.4 Facets at the edge of a SiC grain embedded in an Al matrix. 
The SiC planes along which the steps lie have the indicated 
indices. Stacking faults along the basal (0001) planes are seen 
extending into the SiC from the step edges on the left side of 
the micrograph.
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and extrinsic if an extra plane is inserted (interstitials). Therefore, any damage 
mechanism that generates such point defects may produce stacking faults as well. 
Ion implantation in semiconductor fabrication, neutron irradiation in nuclear 
waste containment applications, and reactions requiring large free volume 
changes are examples of such processes. In some cases the growth, shrinkage, or 
annihilation of the faults can be utilized to evaluate the kinetics of the damage 
mechanism.

Twins are planar crystal defects across which the local structure of the crystal on 
one side is a mirror image of that on the other side. Deformation twins commonly 
occur as a means of accommodating shear strains, while growth twins typically arise 
from the nucleation of a single incorrect layer and subsequent reversal of the order of 
planes. The presence of twins can sometimes be discerned purely from the external 
shape of a crystal, as well as by TEM or etching experiments. Readily twinned ceram-
ics include calcite, sphalerite, graphite, and some of the high-temperature oxide 
superconductors. In the last, the spacing of twin boundaries is related to the degree 
of orthorhombicity in the unit cell and is thus indicative of the oxygen content.

7.4 Dislocations

The primary one-dimensional or line defects seen in solids are dislocations. In gen-
eral, dislocation formation and motion require more energy in ceramics than in 
metals. This is due to the complex atomic structures of ceramics, which often have 
large unit cells, and to the typically strong and localized bonding between atoms in 

Figure 7.5 High-resolution TEM image of the interface for an YBa2Cu3O7 – x 
film (YBCO) grown on a single-crystal LaAlO3 substrate. The geo-
metrical lattice mismatch at the growth temperature is only a few 
percent, allowing a clear epitaxial relationship to develop.9
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ceramics. With respect to the fi rst of these, the energy associated with a dislocation 
is proportional to the square of the magnitude of the Burgers vector b, Eα[b]2 (see 
Reference 10). Since the displacement b typically corresponds to a lattice translation 
vector in the unit cell, it is usually larger for ceramic compounds than for metals, and 
dislocations are correspondingly harder to create. Furthermore, the interatomic bond 
strength is typically greater in ceramics due to ionic or covalent bonding. Disloca-
tions cannot travel easily through ceramics since their motion requires the breaking 
and re-forming of such bonds along the dislocation line. Broken bonds or perpen-
dicular steps (jogs) along the linear defect may also give rise to effective electrical 
charges for dislocations in ionic compounds.

The ease of dislocation generation and motion is intimately related to a mate-
rial’s ability to deform plastically. Consequently, knowledge of how dislocations 
are distributed in a ceramic often can be used to evaluate prior deformation. For 
instance, dislocations in many oxides are located in close-packed planes of oxygen 
atoms, and so these planes are associated with slip. Nonoxides may also sustain line 
defects after mechanical damage or thermal shock, and the location of dislocation 
clusters often reveals regions of localized deformation. As an example, Figure 7.6 
shows dislocations created in an AlN substrate after reactive bonding of two such 
substrates with a Ag–Cu–Ti foil at high temperature. Reaction products at the 
interface provide a strong series of chemical bonds, but the variation in thermal 
expansion coeffi cients across the joint leads to local damage during the cool-down 
from the joining temperature.11 In this particular study, it was found that only the 
top (bonded) layer of AlN grains actually deformed, for it contained the thermal 
mismatch dislocations. Subsequent cracking occurred at the set of grain boundaries 

Figure 7.6 Dislocations generated in AIN as a result of thermal expansion coef-
ficient mismatches during the cooling of a joint containing a metallic 
interlayer from the joining temperature.11 The TiN, h, and Ag regions 
are reaction products from the joining process.
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between the highly defective interfacial grains and the next layer of nearly defect-free 
grains farther removed from the interface.

If a number of dislocations line up in a row, a low-angle grain boundary or so-
called subgrain boundary will result. The high-resolution image of Figure 7.7 dis-
plays a low-angle (nonsymmetric) grain boundary in a sintered compact of zirconia 
and also reveals the termination of individual lattice planes at interfacial dislocations. 
The regular spacing of dislocations in the interface accommodates the slight misori-
entation of the two adjoining regions. Reorganization into subgrains results in an 
energetically more favorable situation than having individual dislocations scattered 
throughout the crystal. Subgrain boundaries can also be readily distinguished by 
diffraction-contrast imaging in the TEM showing the curtain-like array of disloca-
tions or by electron diffraction techniques which indicate the tilt or twist between 
the crystal orientations on either side of the boundary.

7.5 Methods of Phase Identifi cation

In practice, nearly the entire array of characterization tools has been employed to 
determine the identities of unknown phases. The ensuing discussion begins by 
addressing the microstructural examination of phase distributions. Full identifi ca-
tion of any particular phase in the microstructure requires knowledge of both crystal 
structure and chemical content; each of these topics is discussed with respect to 
the types of analyses best suited to obtaining the necessary information. Both ele-
mentary techniques and advanced analytical approaches are mentioned; one should 

Figure 7.7 Dislocation array at an asymmetric low-angle boundary in ZrO2. The 
individual lattice planes are distinguished in this high-resolution 
transmission electron micrograph. Each arrow indicates the termina-
tion of a lattice plane in an interfacial dislocation.
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keep in mind that increasingly complex methods usually require more time and have 
higher costs!

Phase Distribution

Most materials are multiphase, and the analyst’s fi rst task prior to identifying par-
ticular phases is understanding the distribution and location of the various phases 
that are present. For this purpose, optical microscopy (OM) is often the most appro-
priate initial step in microstructural characterization. Differences in refl ectivity (or 
light transmission, for thin transparent samples) allow one to distinguish between 
distinct phases in the microstructure. Samples can also be viewed between crossed 
polarizing fi lters, allowing transmission only from optically birefringent crystals. 
Other specialized techniques, such as interference contrast, allow the analyst to 
observe very small changes in surface height across an uneven specimen. Beyond 
the approximately half-micron resolution limit of conventional OM, SEM can 
serve a similar function. In addition to showing the surface topography in fractured 
or as-grown samples, SEM can delineate the boundaries of submicron phase fi elds 
if polished surfaces are examined. The contrast arises from differences in the gen-
eration of secondary or backscattered electrons by the chemically and structurally 
distinct regions.

Examination of the phase distribution on an even fi ner scale—down to the 
atomic level—may require TEM. Contrast between different materials can arise 
simply due to differences in electron scattering, with increased scattering, and thus 
reduced transmission, generally correlated with heavier elements. More commonly, 
however, diffraction contrast is predominant. Diffraction events are sensitive to 
crystallographic orientation and distortion, making it possible to distinguish 
between phases by limiting the specifi c diffraction phenomena that contribute to 
the image.

In many cases, the biggest diffi culty in TEM is the preparation of suitable samples. 
First, specimen preparation for TEM is generally diffi cult, tedious, and destructive. 
Methods that work for one material may not be adequate for another. There are also 
potential problems with introducing artifacts such as dislocations and other defects 
during the grinding, polishing, or ion milling (sputtering) steps. Furthermore, since 
the specimen volume examined is so small, one must take care to confi rm that the 
region examined is representative of the overall sample. Although not well-suited for 
routine analysis of large numbers of samples, TEM is an extraordinarily powerful 
method for phase identifi cation and microstructural evaluation as long as selected 
specimens provide the desired information and concerns about the sample integrity 
can be appropriately addressed.

SEMs, electron microprobes, and TEMs with suitable X-ray dispersive spectros-
copy equipment can be used to evaluate the chemical compositions of phases, as 
described below. These instruments provide very powerful methods for examining 
phase distribution: X-ray maps of a particular area can be obtained by rastering the 
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electron beam, producing a visual image of the relative proportions of one or more 
elements across the fi eld of view.

Crystal Structure of Phases

Crystal structure can be unambiguously identifi ed using X-ray diffraction (XRD). 
In the simplest case, for a homogeneous single-phase material, one can confi rm that 
the observed compound is the expected one by comparing the location of diffraction 
peaks with known, tabulated structural data. XRD is often the appropriate starting 
point for phase identifi cation in multiphase materials as well. One can, in principle, 
determine the number and type of all major phases present. In some cases this is still 
insuffi cient; one may need to identify the structure of individual regions (grains, 
inclusions, interfacial layers). This cannot be accomplished by XRD because of the 
lack of spatial resolution. There are other limitations as well: compounds that are 
present in small quantities but which may be an important part of the microstruc-
ture, such as fi ne internal precipitates, often cannot be detected at all by X-ray meth-
ods. Amorphous regions are also not analyzed.

OM is incapable of providing direct information on atomic structure because the 
wavelength of visible light is orders of magnitude larger than the typical unit cell lat-
tice parameters. Indirectly, however, one can make some inferences. For instance, as 
stated above, only birefringent materials will be imaged in transmission when placed 
in a polarizing microscope, and thus it is possible to conclude that the phases seen 
are neither amorphous nor cubic since such materials are not optically anisotropic. 
Information on crystal structure is not readily available in SEM either, although 
under some special circumstances electron-channeling patterns that refl ect the struc-
ture can be obtained.

TEM is one technique capable of assessing atomic structure over much smaller 
areas than can be analyzed by XRD. Crystallographic information is provided by 
the diffraction events taking place within the sample, which lead to the formation 
of an electron diffraction pattern. Selected-area diffraction patterns are most com-
mon, with the source of the diffracted and transmitted electrons being constrained 
to the area of interest on the sample by an aperture. If the grain size is small and if 
the material only contains one or two phases, a ring pattern can be obtained using 
a large objective aperture that allows the signal from many grains to be included. 
Such a pattern is analogous to a Debye–Scherrer X-ray pattern and includes rings 
of intensity from all diffracting planes in the selected area. Consequently, a ring 
pattern allows determination of all interplanar spacings, although it sacrifi ces 
angular information.

Selected-area diffraction patterns exhibiting discrete, periodic spots arise from 
single-crystal grains or particles, in analogy to X-ray Laue patterns. They provide 
lattice spacings from the diffracting planes which contain the beam direction as well 
as the interplanar angles between these planes. Examples of both ring and spot pat-
terns are shown in Figure 7.8. These diffraction patterns were recorded from the
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Pb–Zr–Ti–O fi lm pictured in Figure 7.2. Analysis of the ring pattern, taken from 
a light region containing many nanometer-scale grains, indicates that it arises from 
a cubic pyrochlore phase with a lattice parameter of 1.04 nm. The spot pattern was 
obtained by limiting the electrons to one of the porous, dark areas with a selected-
area aperture. The fourfold symmetry, the interplanar spacings derived from the spot 
separations, and the interplanar angles all indicate that the pattern corresponds to 
the [001] direction in a (nearly) cubic perovskite-type unit cell for Pb(Zr,Ti)O3 with 
a lattice parameter of about 0.40 nm. Thus, both phases in this complex microstruc-
ture were readily identifi ed by electron diffraction in the TEM. Phase identifi ca-
tions were confi rmed by additional diffraction patterns and compositional analyses 
by energy-dispersive X-ray spectroscopy.

Due to aperture restrictions, selected area methods are only applicable for exam-
ining areas of perhaps 0.5 μm or more in diameter. It is also possible to obtain spot 
patterns from much smaller areas—down to as little as a nanometer or so in diam-
eter—by using a focused incident electron beam, rather than an aperture, to limit 
the sample area under examination. Such microdiffraction patterns are somewhat 
more complex due to the nonparallel illumination, but they may also contain more 
information. For example, so-called convergent-beam electron diffraction (CBED) 
patterns provide three-dimensional information about the compound’s crystal chem-
istry and can be used as a sensitive fi ngerprint for a given atomic structure.12

Chemical Composition of Phases

The composition of single-phase materials can be determined by a wide range 
of wet chemistry techniques and bulk analysis procedures, including such varied 
methods as atomic absorption spectroscopy, X-ray fl uorescence, and magnetic reso-
nance spectroscopy. For most materials, however, the chemical composition of each 
component in a complex microstructure is of interest. In order to ascertain this, 

Figure 7.8 Selected-area electron diffraction patterns allowing identification 
of the two distinct phases in the Pb–Zr–Ti–O film from Figure 7.2. 
(a) Ring pattern from the pyrochlore phase that constitutes the fine-
grained matrix (lighter areas). (b) Spot pattern obtained along [001] 
in a single “rosette” of the nearly-cubic perovskite structure (darker 
areas).
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one must be able to image the microstructure and simultaneously determine com-
position within some selected portion of it. The most routine method is to employ 
the SEM. With an energy-dispersive spectrometer (EDS) system attached, elemental 
analysis can be readily carried out in a specifi c region by locating the incident beam 
on the point of interest. The electron microprobe provides similar information in 
quantitative form, usually employing a slightly different wavelength-dispersive X-ray 
spectroscopy (WDS) system that provides better resolution but requires much longer 
analysis times. In each system, the characteristic X-rays generated by interaction of 
the incident electron beam with the sample are used to determine the elements that 
are present and their relative quantities. Many phases can be identifi ed in this way, 
particularly if one has additional information about the sample from knowledge of the 
raw materials and processing or from other methods such as XRD. One drawback to 
compositional analysis by SEM or microprobe is that the micron-scale penetration and 
scattering of the energetic electron beam precludes analysis of particles or areas smaller 
than this, since the signal from the surrounding volume will necessarily be included.

Once again, the use of TEM may be justifi ed if the regions to be examined are 
very small (submicron to atomic-level). Because the TEM samples are thin, electron 
scattering does not lead to an analysis area much broader than the diameter of the 
beam. Electron diffraction patterns are often suffi cient to identify the phases if the 
chemical species in the sample are few and known. Otherwise, one can use EDS or 
electron energy-loss spectroscopy (EELS)—both of which can be performed in situ 
on a suitably equipped TEM—to evaluate the elemental composition of the par-
ticle.13 EELS, as the name suggests, provides a spectrum of the kinetic energy lost 
by the illuminating electrons as they pass through the sample. Characteristic edges 
in the energy distribution occur at the energy-loss values corresponding to orbital 
binding energies in the constituent atoms, since these bound electrons are ionized 
by energy transfer from the incident electrons. EELS is particularly sensitive to 
lighter elements (down to atomic number Z = 3, lithium); it can yield binding-
state information and also provide a means of measuring the sample thickness using 
the low-energy-loss peaks. Modern EDS systems, on the other hand, are now capable 
of routinely detecting elements down to Z = 5 (boron) and generally are simpler to 
use and interpret than EELS. By employing suitable standards, EDS can provide 
excellent quantitative results. EDS also does not require the extremely thin specimen 
areas necessary for the collection of EELS spectra.

7.6 Stereology for Phase Quantifi cation

It is sometimes necessary to extract quantitative data on three-dimensional features 
from two-dimensional sections or surface micrographs taken by OM, SEM, or TEM. 
Such data extraction requires a careful consideration of how the two-dimensional 
representation samples the true three-dimensional objects. This branch of metrol-
ogy, or measurement science, is known as stereology.2, 14 Detailed techniques for the 
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determination of number, surface area, volume fraction, and other information on 
arbitrarily shaped particles or inclusions have been developed and are of great utility 
in biological applications.15 For ceramics or other solid inorganic materials, however, 
one can usually employ some simplifying assumptions to reduce the experimental 
work required to obtain unbiased estimates of microstructural parameters.

A number of variables are of interest in describing microstructure, and the choice 
of which measure to use may depend on the problem at hand or on the characteristics 
of the microstructure itself. The most widely used parameter in metallography, and 
more recently in ceramics, has been the grain size. One of the complications in speci-
fying microstructural measurements is that the dimensionality of both the quantity 
of interest and the means of measurement must be considered. For instance, “grain 
size” can refer to the linear diameter, surface area, or volume of grains as measured 
from linear intercepts, sectional areas in a plane, or from actual volumetric measure-
ments (which are extremely diffi cult to obtain in practice). Relationships have been 
derived between many of these measures, although conversion of a measurement 
based on one variable to a value in a different dimension (say, from intercept lengths 
measured within grains to the three-dimensional diameters of the grains) requires 
further assumptions about the grain shape.

Grain Size and Mean Lineal Intercept

Presently, the most common method of specifying grain size is by the mean lineal 
intercept. For this to be a valid measure, one must sample grains along lines that 
are randomly oriented across an optical, SEM, or TEM micrograph. Ideally, micro-
graphs are taken from sections cut perpendicular to each other in the material so that 
measurements in all three specimen dimensions are incorporated. The mean intercept 
L
—

is found simply by L
—

= LL/NL, where the lineal fraction LL is the length of the 
line segments falling within the phase of interest per unit length of the test line and 
NL is the number of points where the lines intercept the features of interest (grains) 
per unit length of test line. Note that this approach is applicable for multi-phase sam-
ples as well as for single-phase material and so can be used for dispersed particles in 
air or other media as well as for dense sintered compacts. Similarly, it allows analysis 
of pore sizes since pores can be regarded as one “phase” within a multiphase sample. 
The mean lineal intercept provides an experimentally simple method for defi ning 
grain size, although the manner in which it corresponds to the actual dimensions of 
the grains is quite dependent on their shape and size distribution.

For simple cases, the relationship between three-dimensional sizes and L
—

can be 
geometrically determined. It can be shown, for example, that uniformly sized spheri-
cal particles have a diameter given by d = 1. 5L

—  
. Note also that the internal surface 

area per unit volume, SV , is simply related to the mean lineal intercept for a three-
dimensional structure of space-fi lling grains by the equation SV  = 2/ L

—  
.

This makes it possible for the analyst to obtain quantities such as the grain 
boundary area in a polycrystalline material from simple linear measurements on 
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plane sections. The relationship cited here depends critically on the randomness of 
the sections used but is independent of grain shape or isotropic arrangement.

Measurements of average grain size by X-ray peak widths can be very useful for 
bulk powders and sintered ceramics, although care must be taken to compare with 
an X-ray spectrum of the same compound on the same instrument to accurately 
determine the instrumental contribution to the line broadening. Unfortunately, 
this method is not suitable for ceramic thin fi lms because of the interference from 
substrate peaks and the small volume of sample that is irradiated, giving an insuf-
fi cient signal-to-noise ratio in most cases. The data provided by X-ray line broaden-
ing refer to the average diameter of a three-dimensional grain assuming a spherical 
particle shape.14

Volume Fraction of Phases

Information on the relative quantities of the various phases in the microstructure is 
also often desirable. These data are most frequently expressed as the volume fraction, 
VV, of the features of interest within the microstructure. If one assumes a random 
sample without substantial anisotropy, one conveniently fi nds that the volume frac-
tion is equal to the lineal fraction described previously, as well as to the area fraction 
AA  and point fraction PP: VV  = AA = LL  = PP .

The measurement of VV  can then be readily accomplished through point count-
ing, in which one randomly superimposes a grid of points over an image and deter-
mines the proportion of them that fall within the phase or features of interest; by 
the lineal intercept method described previously; or by measurement of areas, which 
is now readily accomplished with image analysis programs for digitized micrographs 
such as those produced on an SEM.

7.7 Summary

One of the primary goals of modern materials science is to develop desirable micro-
structures that provide superior performance through controlled processing. This 
chapter provides an overview of many features that contribute to the overall micro-
structure of ceramic materials. In addition to the three-dimensional details of phase 
distribution that are commonly considered, other structural components including 
interfaces and defects may play important roles in determining the materials proper-
ties. The morphology on a microscopic scale is therefore of keen interest in the study 
of ceramic properties.
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Ceramic Reactions and Phase Behavior

patrick k. gallagher

Contents

8.1 Introduction
8.2 Starting Materials
8.3 Phase Equilibria
8.4 Rates and Mechanisms of Reactions
8.5 Summary

8.1 Introduction

Solid-state reactivity is a topic of enormous technological importance. It is, however, 
a complex subject because of the many factors infl uencing how solid materials react 
with one another and the atmosphere. These factors are based not only on the ther-
modynamic or equilibrium considerations that dictate the ultimate products but, 
more importantly, by the rates and mechanisms established through considerations 
of heterogeneous kinetics. The interplay between thermodynamics and kinetics leads 
to an infi nite number of fi nal end points depending upon the particular conditions 
and times of reaction.

As diffi cult as it may be, it is essential that the synthetic process be controlled to 
the degree necessary to obtain the desired product. This frequently entails choosing 
between competing techniques and pathways in order to obtain the following goals:

• achieving the metastable or stable product

• isolating an intermediate product

• reacting to the specifi ed extent, partially or completely

• establishing the macroscopic and microscopic morphology

• controlling the defect structure and impurities.
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Composites are of increasing technological importance. They can be partially 
preformed and assembled or they can be made in situ through controlled reactivity. 
The key to mastering these and general solid-state synthetic methods is in the control 
and understanding of the processes at the interfaces.

The initially heterogeneous nature of mixed solid phases dictates that diffusion 
paths for subsequent reactions are long and dependent upon the geometrical 
aspects of the assemblage as well as on the specifi c methods of processing. Gener-
ally, high temperatures are required to achieve the desired reactions in a reasonable 
time. Reaction rates are controlled by many factors other than the temperature, how-
ever. Some of these are given in Table 8.1. They are subdivided into those that act 
primarily through changing the path length and those that alter the activation energy 
for diffusion.

The factors which lengthen the pathway for diffusion not only slow the reaction, 
but also can lead to the formation of nonequilibrium intermediate phases. As an 
example, coarse particles of an equimolar mixture of BaCO3 and SnO2 will lead to 
the initial formation of Ba2SnO4 rather than BaSnO3. This aspect generally makes 
chemically prepared mixtures, for example, sol–gel, coprecipitation, and freeze- or 
spray-dried solution processes, more attractive as synthetic methods.

The concept of “reactivity” is a diffi cult one to defi ne adequately. Comparison of 
the reactivity of iron oxides prepared from various starting compounds via several 
processes indicates that the reactivity depends upon the particular test applied.1 The 
relative order of activities determined by (1) solubility in acid at 81 °C, (2) extent of 
the reaction with lithium carbonate at 490 to 840 °C, and (3) the ability to sinter to 
high density at 1200 °C is different for each. The reactivity of a powder is a transient 
phenomenon which dissipates with increasing temperature. To be useful, the test for 
reactivity has to occur in the specifi c temperature range associated with the particular 
activity of interest.

For the purpose of ceramic synthesis, the ability to react with another material 
is most important. Table 8.2 lists the source of iron oxide and the temperature at 
which the reaction with lithium carbonate was 85% complete. The temperatures 
selected for the calcination of each starting compound had been determined by 
thermogravimetry (TG) as the minimum temperature necessary to completely 

Via the Diffusion Path Length Via the Diffusion Energy

Particle size and aggregation Temperature

Degree of mixing Defect structure and purity

Interparticle contacts Topochemistry-transformations

Intraparticle porosity External fi elds

Mechanism/pathway (bulk–surface–vapor) Mechanism/pathway (bulk–surface–vapor)

Table 8.1 Some factors influencing solid-state reactivity.
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decompose the precursor to iron(III) oxide. All the oxides lowered the decomposi-
tion temperature of lithium carbonate to some extent. The spread in temperatures, 
however, reveals a wide range in the relative reactivity among the powders.

Although iron oxide derived from the nitrate was among the most active materi-
als in the two low-temperature tests, it was the least active in the sintering test. Its 
low-temperature reactivity had led to a partial sintering of the powder into hard 
agglomerates which were subsequently impossible to sinter to reasonably dense 
materials. Conversely, the oxides prepared at higher temperatures, such as from 
sulfates, sintered well but were less reactive at the temperatures below their forma-
tion temperature. That potential low-temperature reactivity had been consumed 
during formation.

In this chapter, the discussion of these topics is divided into three broad catego-
ries. The fi rst briefl y considers the starting materials and how they might infl uence 
the outcome. The second topic concerns phase equilibria and the methods used to 
establish the situation at equilibrium. The fi nal section discusses how the starting 
materials transform into the equilibrium products; that is, what factors control the 
rates and mechanisms during the reaction and what methods and techniques are 
used to follow the course of the overall reaction process? Clearly, there is con-
siderable overlap between the last two topics, and the experimental techniques in 
common are covered in the section on equilibrium.

Iron Salt Decomposed
Temperature of 
Calcination, °C

Temperature of 
85% Reaction, °C

Iron(III) sulfate 700 535

Ammonium iron(III) sulphate 660 495

Iron(II) sulfate 720 580

Ammonium iron(II) sulfate 660 490

Iron(III) nitrate 390 570

Ammonium hexacyanoferrate(III) 670 600

Ammonium hexacyanoferrate(II) 480 840

Iron(III) oxalate 325 560

Ammonium trisoxalatoferrate(III) 500 560

Ammonium iron(III) citrate 580 800

Magnatite and EDTA 525 615

Commercial iron(III) oxide 670

Lithium carbonate 950

Table 8.2  Formation temperatures for the formation of LiFeO2 from mixtures 
of Li2CO3 and a-Fe2O3.
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8.2 Starting Materials

The strength of interparticle forces becomes a signifi cant consideration in deter-
mining the effective particle size. Aggregation plays a major role in controlling the 
microstructure of the mixed powder. “Soft” agglomerates will readily break down 
during the mixing stage, while partially sintered or otherwise strongly bonded “hard” 
aggregates persist throughout processing. Determinations of the individual crystallite 
size, aggregation, distribution, and porosity are important for the preceding reasons.

Besides the simple number of interparticle contacts described above, the spe-
cifi c properties of the surface or interface are important. The nature of the species 
adsorbed, either physically or chemically, on the surface of the reactants can infl uence 
the rates of reaction and transfer across the interface. The presence of a liquid phase 
will alter mass transport. Surface active sites such as edges, corners, or particular 
crystallographic orientations are important. Dislocations, point defects, and substi-
tutional impurities can alter diffusion to the extent of controlling the rate of reaction. 
Properties of the surface or near-surface regions are often determined by physical 
damage occurring during the mixing or grinding stage. Thus, aspects of tribology 
become relevant.

Many experimental tools and techniques have been developed to determine the 
chemical composition of the bulk material and to characterize the surface of sub-
stances under a wide variety of conditions. Most of these have been described in 
detail elsewhere in this series. Although these methods are not within the scope of 
this chapter, the results are necessary to determine the starting points or conditions 
for the methods described herein. Applications of thermal analysis to the quality of 
starting materials are deferred until the more extensive discussion of thermoanalytical 
methods in the section entitled “Determining the Chemical and Structural Aspects.”

8.3 Phase Equilibria

General Aspects

Most phase diagrams depict the equilibrium situation as a function of composition, 
temperature, and, occasionally, pressure. When one or more of the components in 
the system is gaseous, it is essential to distinguish between the partial pressures of the 
active components and the total pressure. Diagrams are also prepared that display 
regions of metastability; however, these are specifi c for selected situations and pro-
cessing times.

The general principles and techniques used to establish phase equilibrium are 
common for both equilibrium and nonequilibrium diagrams. These can be divided 
into three categories. One pertains to the evaluation of the chemical aspects for the 
system, for example, composition and structure. The second concerns the determi-
nation of the physical conditions within the system, for example, temperature, total 
pressure, and time. The result of such studies is a description of the variations in 
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the chemical nature of the system as a function of the physical environment—a phase 
diagram. When time is no longer a factor, the equilibrium diagram has been attained.

The third category of information is not, strictly speaking, an intrinsic part of the 
phase diagram. It is necessary, however, for the complete description of the system 
and its properties. The distribution or arrangement of the phases controls many of 
the properties, for example, electrical and thermal conductivity, resistance to corro-
sion, and mechanical properties. Knowledge is essential on both the macro and micro 
scale. As an example on the macro scale, composite materials are deliberately tailored 
to optimize these properties, particularly mechanical strength. On the micro scale, 
grain boundary phases control the electrical conductivity. This can be undesirable, as 
with insulating carbonate or hydroxide phases in high-temperature superconductors, 
or benefi cial through the deliberate addition of dopants to produce positive tempera-
ture coeffi cient thermistors or more stable capacitors and inductors.

It is generally much easier to make most measurements at room temperature. 
Consequently, samples are frequently quenched from higher temperatures prior to 
characterization. The effectiveness of the quench determines the validity of subse-
quent interpretations. Many factors affect this uncertainty. The assumption that a 
quenched sample represents the true situation of the sample at the temperature and 
time it was quenched must always be questioned and confi rmed when possible.

Determining the Chemical and Structural Aspects

Describing the chemical nature of the system requires determining the number, com-
position, and structure of the phases present for each set of physical and chemi-
cal conditions specifi ed. Seldom does a single experimental method provide all the 
needed information. A combination of techniques is required to defi ne the system 
completely.

Microscopy is the analyst’s primary tool to establish the number of phases present 
in a material. Optical microscopy is a relatively inexpensive and simple method that 
can be used to distinguish between phases with differing morphology or refl ectivity. 
The sensitivity is very high, provided that a representative sample is viewed. The 
proverbial needle in the haystack will stand out clearly when in the fi eld of view. As 
an example, the difference in refl ectivity between hematite (α-Fe2O3) and magnetite 
(Fe3O4) in a polished sample is dramatic and the basis for an easy way to detect the 
onset of oxidation or reduction for either pure phase. Similarly, twinning of one 
of the phases can be used to distinguish between the orthorhombic and tetragonal 
structures in the superconductor, Ba2YCu3O7 – x. Yet another factor, particle shape, 
clearly differentiates the whiskers in a composite matrix. Polarized light can be used 
to enhance detection or to reveal ferroelectric domain structure.

Because of the opaque nature of most materials, optical microscopy is limited to 
the surface region. Hence, the sample must be cut or abraded to reveal features as 
a function of depth. Thin sections may be cut to observe features in transmission. 

imo-loehman-type-08.indd   141imo-loehman-type-08.indd   141 2/15/10   4:36 PM2/15/10   4:36 PM



142 CERAMIC REACTIONS AND PHASE BEHAVIOR Chapter 8

The particle shape of a particular phase is the major means of indicating the individ-
ual phases in a powder, although differences in refractive indices can also be exploited.

Scanning electron microscopy (SEM) has many advantages, such as a greater 
depth of fi eld and higher magnifi cation. The secondary electron emission used to 
form the image is dependent upon the electrical conductivity of the specimen. Con-
sequently, insulating phases have a much brighter image due to charging effects. This 
intense brightness is generally undesirable, and a conducting coating is applied to 
the specimen to alleviate this problem. Again, shape is the predominant aspect used 
to distinguish individual phases, and only the surface of the sample is accessible. 
Samples, such as many hydrates, that are unstable in vacuum are not amenable to 
this technique.

Improvements in SEM technology, however, have recently progressed to the stage 
that it is now possible to obtain commercial instruments, called environmental scan-
ning electron microscopes (ESEM), which are capable of operation at pressures of 
several torr and at temperatures greater than 1000 °C. This greatly improves the ver-
satility of the SEM and enhances its applicability to studies of phase equilibria and 
reactivity with the vapor phase.

Figure 8.1 shows a series of ESEM micrographs taken immediately after an in situ 
chemical vapor deposition experiment.2 These pictures clearly indicate how the mor-
phology of the deposited fi lms of diamond on silicon depends upon the experimental 
conditions. A gas stream, at 15–20 torr, of 1% methane in hydrogen was fl owed over 
a heated fi lament (2000 °C) to break down the methane into atomic carbon prior to 
deposition on the heated substrate (850 °C). This process was continued for 30 min 
to form fi lms with a thickness of about 5 μm. The total pressure was then reduced to 
4.3 torr for these pictures.

At the higher fl ow rates, the fi lm grew as a fi ne-grained spherical form. At lower 
fl ow rates, better crystallized, larger grained, polycrystalline clusters formed. Similar 
studies can illustrate the detailed morphology during oxidation or reduction pro-
cesses. Vaporization and condensation phenomena can also be monitored effectively 
with such an apparatus.

More detailed surface features and topography can be revealed by scanning tun-
neling microscopy (STM) or atomic force microscopy (AFM). The instruments 
employing these techniques are capable of resolution at the atomic level. Recent 
efforts have also shown the feasibility of manipulating and rearranging atoms on the 
surface. The techniques do not require vacuum and can even be used in solution to 
study such processes as reactions taking place at the surfaces of electrodes, corrosion, 
or precipitation/dissolution phenomena.

Transmission electron microscopy (TEM) offers very high resolution and mag-
nifi cation at the expense of considerable inconvenience in sample preparation. In 
addition to the tedious aspects of the sample preparation, there is concern that thin-
ning the sample to the required degree may also change the nature of it. Never-
theless, the detailed observations possible through TEM are unmatched, and TEM 
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fi nds great use in the characterization of solid–solid interfaces. It can detect very 
minor amounts of additional phases.

The electron diffraction patterns possible with this technique provide the oppor-
tunity for detailed structural characterization as well. Irregularities at the grain 
boundaries—traces of new phases, concentrations of impurities or point defects, spe-
cial angle grain boundaries, etc.—profoundly infl uence kinetic processes. Analysts 
achieve improved understanding of the topochemical processes that may control the 
nature and rate of the relevant decomposition, nucleation, or growth processes. Epi-
taxial growth is a specifi c example. Such preservation or changes in structure across 
the interface are best established by electron diffraction patterns.

Figure 8.2 illustrates the usefulness of TEM to characterize the critical interfacial 
boundary between the reinforcing ceramic and the intermetallic phases in a compos-
ite structure designed for use in the turbine blades of an advanced high-temperature 
gas turbine engine.3 The essential properties at the high temperatures are mechanical 
strength and toughness, in addition to chemical stability and low weight.

Achieving these goals demands that the interface between the reinforcing and 
matrix phases exhibit two features. There must be evidence that the materials are 
thermodynamically compatible under the conditions of formation and use—no 

Figure 8.1 Micrographs of diamond films formed in situ using an ESEM: (a) “fuzzy ball” 
structure and (b) polycrystalline structure.
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new phases or weak structures develop at the grain boundaries. Second, the bonding 
between the phases must have the optimum strength. This bonding must be suf-
fi ciently strong to allow the reinforcing phase to strengthen the composite, yet not 
so strong as to defl ect crack propagation along the interface rather than through the 
reinforcing phase.

The composite in Figure 8.2 was formed by isostatically hot pressing a mixture of 
powdered FeAl (40 at % Al) and TiB2 in a 9:1 volume ratio followed by an anneal 
for 25 h at 1225 °C. The high-resolution electron micrographs reveal the clean inter-
face with substantial bonding indicated by the smooth transition from the initially 
hexagonal structure of the TiB2 to a new monoclinic phase. This transformation is 
thought to be induced by the slight diffusion of iron into the reinforcing phase.

X-ray diffraction is another method often used for phase identifi cation. It is less 
versatile in that it is generally limited to crystalline materials. The sample preparation 
required for qualitative results is simple, however, and the technique is more readily 
applicable than microscopy to powders. It also can provide more specifi c and detailed 
information, such as any texturing or ordering of phases in the material. Although 
the penetration depth of X-rays is signifi cantly greater than for optical wave lengths, 
the measurements are still restricted to a surface layer. Crushing, sectioning, etc., are 
necessary to detect interior phases, as before.

Generally, the powder diffraction patterns for different phases are unique and 
identifi able. The Joint Committee for Powder Diffraction Standards (JCPDS) main-
tains a large data base in many forms. The fi les are available on magnetic tape, and 
several versions of computer software have been developed to obtain and utilize raw 
experimental X-ray diffraction data. These provide routines for data acquisition, 
smoothing, plotting, and conversion to d spacings. The resulting converted data fi les 
are then used as input for structural determination, pattern searching, subtraction, 
and phase-identifi cation programs.

Figure 8.2 Images from a high-resolution TEM of the interface created be-
tween FeAl/TiB2 metal matrix composite: (a) the faceted interface 
and (b) higher magnification of an individual facet step.
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Detection of a second phase is on the order of several percent for favorable condi-
tions and much less for very complex mixtures, mixtures of materials having a very 
similar crystal structure and size, or those containing amorphous or micro-crystalline 
materials. Detection of small amounts of the defect spinel γ-Fe2O3, in matrices of 
ferrites having the spinel structure, is much more diffi cult than that of α-Fe2O3 
(corundum structure).

The reduced X-ray scattering power of the lighter elements limits the ability to 
accurately establish numbers or positions of such important atoms as carbon, oxy-
gen, and hydrogen in the lattice. Although, neutron diffraction is capable of this, the 
availability of the method is restricted.

The previous discussion has focused primarily on determining the number of 
phases present. The specifi c nature of these phases other than crystallographic struc-
ture has not been considered. Although establishing the number of phases by X-ray 
diffraction is also closely connected with their identifi cation and bonding, mere 
determination of the pattern characteristic of a particular structure, such as spinel 
or perovskite, does not establish its chemical composition. The existence of many 
solid solutions gives rise to very similar patterns derived from totally different 
chemical compositions.

The diffraction techniques reveal long-range structural order, but not oxidation 
states. In addition, they provide little information about the nature of the bonding 
and site symmetry for amorphous or microcrystalline materials. In studies of solid 
state reactivity, this situation arises frequently. It is precisely this highly disorganized 
state of matter that is of greatest interest. As the material reacts or decomposes, long-
range order is unlikely to be present at the reacting interface or for some ill-defi ned 
region following it. Glasses are another class of material for which diffraction tech-
niques are less useful.

A variety of spectroscopic techniques, however, are of value to determine the local 
bonding and, occasionally, oxidation states of various ions. Frequently, they can 
perform satisfactory quantitative analysis or estimates as well. Adsorption, emis-
sion, and Raman spectroscopy operating from the UV through the IR region of 
the spectrum can provide such information. These optical spectroscopies can be 
performed in either a transmission or surface-scattering mode based on the thick-
ness and absorption properties of the specific sample. Nuclear magnetic reso-
nance (NMR), Mössbauer spectroscopy, and electron spin resonance techniques 
are some other forms of spectroscopy frequently used to determine local bonding 
and oxidation states of specifi c species, primarily in the bulk rather than on the sur-
face. These methods are limited to particular atoms or ions and are not universally 
applicable.

The chemical composition for the solid phases, either individually or collectively, 
can be determined by traditional chemical analysis or a variety of modern instru-
mental methods. Such methods have been described elsewhere in this series. One 
important aspect, when applying these methods to study interfaces and compos-
ites, is their ability to provide spatial resolution. Unless the phases can be readily 
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separated, traditional methods based upon sample dissolution provide only aver-
aged results.

On the other hand, certain instrumental techniques—such as energy-dispersive 
X-ray fl uorescence (EDX) in conjunction with an SEM—can selectively pinpoint 
particular spots or provide a mapping of the concentration over a planer surface. 
These techniques enable one to distinguish compositional variances between indi-
vidual phases or features. Other techniques have the ability to vary the analytical spot 
size over a wide range. Consequently, they are capable of providing both averaged 
analysis over a surface or more focused specifi c information.

Property Technique

Mass Thermogravimetry (TG)

     Apparent massa Thermomagnetometry (TM)

Volatiles Evolved gas detection (EGD)
Evolved gas analysis (EGA)
Thermal desorption

     Radioactive decay Emanation thermal analysis (ETA)

Temperature Differential thermal analysis DTA

Heatb or heat fl uxc Differential scanning calorimetry (DSC)

Dimensions Thermodilatometry (TD)

Mechanical properties Thermomechanical analysis (TMA)
Dynamic mechanical analysis (DMA)

Acoustical properties Thermosonimetry (TS) for emission
Thermoacoustimetry for velocity

Electrical properties (resistance, 
voltage, current, and dielectric)

Thermoelectometry

Optical properties Thermoparticulate analysis (TPA)
Thermooptometry for spectroscopy d

Thermoluminesence for emission
Thermomicroscopy for structure

aChange induced by an imposed magnetic fi eld gradient.
bPower compensated DSC.
cHeat fl ux DSC.
dAbsorption, fl uorescence, Raman, etc. Non-optical forms of spectroscopy such as NMR, 
ESR, Mössbauer, etc. are also applicable.

Table 8.3 Principal thermoanalytical methods. (From Reference 4; reproduced 
by permission of JAl, Inc.)
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Nearly all of the methods for analyzing solids are constrained to a limited penetra-
tion depth. Consequently, they will fail to detect chemical inhomogeneities below a 
depth that is dependent upon the particular technique. Analysis of a partially reacted 
coarse powder or the surface of a sintered disk, for example, is likely to present a 
highly biased result favoring the exterior layer of product. Magnetic resonance mea-
surements are an exception to this limitation.

Thermoanalytical methods constitute a powerful and versatile collection of tech-
niques for the characterization of ceramic reactions and phase equilibria. Some prop-
erty of the sample is followed as a function of time or temperature or both while it 
undergoes a prescribed temperature program. Table 8.3 gives the major thermal meth-
ods. The most common methods applied to studies of reactivity in ceramics are TG, 
differential thermal analysis (DTA), differential scanning calorimetry (DSC), evolved 
gas analysis (EGA), and dilatometry. The various types of spectroscopy, diffraction, 
and microscopy can also be conducted on a hot stage in controlled atmospheres.

The uses of these techniques in this section are divided into three categories: 
(1) general phase equilibria and boundaries, (2) structure and transformations, and 
(3) chemical composition. The next section discusses the measurement of the sys-
tem’s physical condition or properties. Those physical properties utilized to obtain 
chemical information are described in this section, however.

Differential thermal analysis (DTA) is a commonly used method to determine 
the location of phase boundaries. Figure 8.3 shows a hypothetical binary phase 
diagram and the DTA curves that would be expected for several compositions 
within the system. The endothermic melting and solid1–solid2 fi rst-order transfor-
mations during heating are clearly evident. These peaks are due to the temporary 

Figure 8.3 Hypothetical phase diagram 
and associated DTA curves. 
(From Reference 5.)
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imbalance in temperature between the sample and reference material established by 
the absorption or evolution of heat by the sample during the particular endothermic 
or exothermic event. If the curves are measured during cooling, the direction of the 
excursions will be the opposite, since the events that occur are proceeding in the 
reverse direction.

As with many thermoanalytical measurements, there must be a compromise 
established between such experimental parameters as heating rate and sample size 
and the quality of the results in terms of sensitivity and accuracy. Faster heating or 
cooling rates and larger sample sizes will enhance the intensity of the signal (ΔT ) 
and, therefore, the sensitivity. On the other hand, they lead to greater thermal lag 
between the temperature observed for the event and its actual equilibrium value.

The part of the peak associated with the equilibrium temperature of the event is 
generally accepted to be the onset temperature or fi rst departure from the baseline. 
The transition will not start before the equilibrium temperature is reached and may 
begin signifi cantly later depending upon the kinetics of the situation, such as a ten-
dency toward superheating, supercooling, or other metastabilities. Once the transi-
tion has initiated, there is still a fi nite time required for the sample to convert com-
pletely depending upon the enthalpy, thermal transport, and temperature or sample 
homogeneity. Evidence for these effects is determined by the degree of temperature 
hysteresis between the onset temperatures during heating and cooling and variations 
with the heating or cooling rates.

The determination of the initial departure from the baseline is very subjective 
and dependent upon the quality of the baseline and the amount of amplifi cation. 
The standard procedure is to report an extrapolated onset temperature measured 
as the intersection between the extrapolated baseline and the linear extrapolation 
through the smooth steepest portion of the onset side of the curve. If there is no 
superheating or cooling, the temperatures measured from the heating and cooling 
curves will tend to merge as the rate decreases. When differences persist due to 
metastabilities, a good general rule to consider is that the source of metastability 
is due to kinetic diffi culties in nucleation or formation of the solid phase. Con-
sequently, the cooling curve during precipitation of a solid from either a liquid or 
second solid phase is more likely to be in error.

Generally, the observation of an exothermic event during heating implies a chemi-
cal change such as oxidation or reduction, since most simple thermal decompositions 
and phase transformations are endothermic. Exothermic events during heating that 
do not involve changes in chemical composition are due to metastable to stable 
transformations, such as amorphous to crystalline transformations or the relief of 
stresses. Such changes are irreversible and, hence, do not occur during cooling or 
subsequent reheating.

The phase transformations described above have been fi rst-order transforma-
tions with measurable enthalpies. Second-order transformations, however, only 
exhibit a change in heat capacity at the transformation. Examples are many magnetic 
transitions, the glass transition in polymers, and some crystallographic transitions 
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where very little atomic movement is necessary to accommodate the rearrangement. 
Such transitions do not show peaks in the DTA or DSC curves, but rather a step in 
the baseline. Figure 8.4 presents the DTA curve for a heavy metal fl uoride glass. The 
glass transition near 200 °C is followed by metastable to stable crystallization peaks 
and then melting peaks at approximately 300 and 400 °C, respectively.

Many of the other thermoanalytical techniques will identify phase transforma-
tions, but DTA and differential scanning calorimetry (DSC) are most often used. 
The same considerations described for DTA apply to DSC. TG measures mass loss as 
a function of temperature and time. Restricting the discussion at this point to phase 
boundaries without compositional change limits TG to measuring vaporization pro-
cesses. Vaporization is thermodynamically reversible and therefore depends on the 
partial pressure of the component in the atmosphere. If one is uncertain about the 
specifi c nature of the gaseous products, then evolved gas analysis (EGA) is used to 
distinguish between simple vaporization and decomposition.

Thermodilatometry not only measures the thermal expansion of a material but 
also will indicate the following: phase transformations; shrinkage due to sintering, 
dehydration, crosslinking, or softening; and expansion due to solvent uptake, pre-
cipitation of a second phase, formation of trapped gases, etc. First-order transitions 
show a discontinuity in volume, whereas second-order transformations exhibit a 
change in slope of the thermal expansion curve. Softening points can be determined 
using a pointed probe which will penetrate as the material softens.

Reduction in surface area and open porosity for a powdered sample is not read-
ily measured by dilatometry. Density, BET adsorption isotherms, or emanation 
thermal analysis (ETA) are the applicable techniques. The latter is accomplished in 
a scanning temperature mode and, therefore, is capable of more rapidly identify-
ing the signifi cant temperature regimes. ETA involves substantial effort in sample 
preparation, however. A radioactive gas or its parent must be incorporated into the 

Figure 8.4 DTA curve for a glass (0.5BeF2·0.3KF·0.1CaF2·0.1AlF3), 25 mg at 
20 °C·min–1 in N2.
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sample, usually by ion implantation. The radioactivity in the gas stream is measured 
as the sample is heated. The rate of escape of the gas is proportional to the effective 
surface area so that regions of sintering or collapsing porosity are indicated by a 
marked reduction in the radioactivity of the gas stream.

Changes in crystal structure as a function of temperature are frequently measured 
using hot-stage X-ray diffraction. Isothermal steps of an appropriate size are made 
and the desired region of 2θ is scanned at each step. Alternatively, the temperature 
is programmed to change slowly while the region of 2θ is scanned repeatedly. Not 
only is the transition temperature indicated, but also the specifi c nature of the transi-
tion and the change in lattice parameters as a function of temperature are identifi ed. 
Thermal expansion can be accurately computed for each crystallographic axis from 
the lattice parameter data.

Thermoanalytical methods can also be used to derive specifi c information about 
the chemical composition of the material as well as its transitions and structure. 
The liquidus line of the phase diagram is sometimes used to determine composition 
in relatively simple phase systems. Even in the more complex diagram shown in 
Figure 8.3, the liquidus temperature to the left of the eutectic (about 50% A) is a 
unique function of the composition.

Occasionally, solid–solid transformations will be dependent on the specifi c com-
position. An example is the tetragonal to cubic transformation in solid solutions 
of perovskites where Sr or Pb have been substituted for Ba in BaTiO3. The tran-
sition temperature measured by DTA or DSC will be indicative of the extent of 
substitution.

Figure 8.5 shows the phase diagram for the lithium niobate system.6 There is 
a wide range of lithium defi ciency in lithium niobate. Since electro-optic applica-
tions of this material require large crystals having a very uniform composition, it is 
essential that the congruent composition be known very accurately in order to grow 

Figure 8.5 Phase diagram for the lithium niobate system.
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such crystals from the melt. The second-order ferroelectric transition temperature, 
shown as the dashed line in Figure 8.5, has a strong dependence on the lithium 
content. This transition temperature has been measured by DTA and was used suc-
cessfully to determine the congruent composition precisely and to correlate the tran-
sition temperature with the cation vacancy content of the material.7

Holman8 has also demonstrated that TG can be used for such analyses. This 
approach is universal because it does not depend on the fortuitous presence of a 
phase transition. The method is illustrated in Figure 8.6 for the same lithium nio-
bate system. The basis of the method is to vaporize the more volatile component, 
Li2O, and follow the associated weight change. The sample is surrounded by a two-
phase mixture from either phase boundary. This establishes the vapor pressure of the 
volatile component, which will transfer to or from the sample, depending on which 
two-phase mixture is used, until the composition corresponding to the phase bound-
ary is attained. This method, however, is experimentally much more involved and 
time-consuming than DTA.

The major contribution of TG to the analysis of ceramic materials and phase 
equilibria is its ability to follow the degree of nonstoichiometry in materials as the 
temperature, pressure, and atmospheric composition are varied. The scientifi c liter-
ature abounds with examples involving the oxidation of metals9 or other exchanges 
of oxygen with the atmosphere.10 The point defects and valence changes neces-
sary for charge compensation signifi cantly affect diffusion rates and thereby the 
reactivity of these materials. In addition, frequently there are profound effects on 
the electrical, magnetic, and thermal properties of the material as the degree of non-
stoichiometry varies.

The cuprate systems, renowned for their high-temperature superconducting prop-
erties, exhibit a particularly wide range of oxygen nonstoichiometry.11 Attaining the 
proper oxygen content is vital to achieving high-Tc superconductivity. The amount 
of oxygen vacancies in the structure also infl uences the rates of reaction and, hence, 
the ease and temperature at which the desired phase is formed.

Figure 8.6 Isothermal compositional dependence of lithium oxide chemical 
potential in the Li2O–Nb2O5 system.
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Determining the oxygen content of a material as a function of temperature, partial 
pressure of oxygen, and time is straightforward from weight changes as the experi-
mental parameters are varied. It is necessary, however, to know the exact oxygen con-
tent at some fi xed set of conditions by an independent means. Then the composition 
can be tracked from that point as the changes are made. This starting point can be 
determinded by a variety of analytical methods. If composition is fi xed by thermo-
dynamics at some point, then TG can be used for this analysis. An example is the 
Ba2YCu3O7 – x  system where heating the material in hydrogen to about 950 °C will 
reduce it to a mixture of BaO, Y2O3, and Cu. The weight change associated with that 
reduction is used to calculate the value of x.

For most systems, the range of nonstoichiometry is small, and very accurate 
data are required to describe the composition adequately. Electronic ceramics are of 
particular interest in this respect. The magnetic properties and loss can vary dramati-
cally as a result of small changes in the Fe2+ to Fe3+ ratio and, hence, the oxygen con-
tent. The desired ratio is established at the high temperature when the powder 
is sintered, and then the oxygen partial pressure is programmed to preserve that 
ratio as the material is cooled. Alternatively, the cooling is sufficiently rapid that 
the rate of oxygen uptake is small enough to preclude a significant change in its 
concentration.

Understanding and controlling these processes in electronic ceramics requires 
knowledge of the variation in both the equilibrium concentrations and the reaction 
rates as a function of temperature, time, and partial pressure of oxygen. The general 
procedure is similar to that described earlier for the high-Tc superconductors except 
that much greater precision is required and higher temperatures are involved. The 

Figure 8.7 Changes of mass for Ni0.685Zn0.177Fe2.138O4 + g as a function of tem-
perature and partial pressure of O2.
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higher temperature adds to the experimental diffi culties and uncertainties. Volatil-
ity of essential components in the ferrite, for example, ZnO in nickel-zinc ferrite, 
or even of the supporting and suspension system, for example, PtO, may become 
signifi cant. Very careful work utilizing blank experiments is necessary to achieve the 
specifi ed accuracy.

A typical example of these curves is shown in Figure 8.7 for the spinel ferrite, 
Ni0.685Zn0.177Fe2.138O4 + γ .12 The weight of a nominally 10-g porous sample is 
tracked as a function of temperature for different partial pressures of oxygen. Region 
I is the single-phase region with rapid reversibility for the exchange of oxygen. 
Region II is the two-phase region where α-Fe2O3 precipitates under equilibrium 
conditions. In Region II, there is obvious metastability during cooling, and the slope 
does not change, nor does a second phase precipitate. When equilibrated, oxidized 
samples (two phase) are heated, however, the change in slope at the phase boundary 
is evident because no metastability occurs in that direction.

Such data are summarized in the form of vant Hoff plots in which a series of 
isocompositional lines are plotted as a function of reciprocal temperature and log 
partial pressure. The results for the above system are presented in Figure 8.8.12 
The dashed lines in the right-hand portion represent the metastable (single 
phase) extensions into the two-phase region. The enthalpy for the oxidation pro-
cess, Equation 8.1, can be obtained from the slope of the lines in the single-
phase region.

Figure 8.8 Isocompositional plots constructed from data in Figure 8.7. Numbers 
on the lines represent the value of excess oxygen, g.
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M1 – x2+Fex2+Fe23+O42– + (γ/2)O2 = M1 – x2+Fex – 2γ
2+Fe2 + 2γ

3+O4 + γ
2– (8.1)

A value of –43.2 ± 0.9 kcal·mol–1 is calculated for ΔH.
The desired oxygen content is established during sintering or a subsequent high-

temperature anneal. The relevant isocompositional line in Figure 8.8 indicates how 
the partial pressure of oxygen must change as the sample is cooled in order to pre-
serve the desired oxygen content under equilibrium conditions. In practice, the sam-
ples are reasonably dense, however; rapid cooling is frequently all that is required to 
maintain the high-temperature equilibrium value in the bulk, and only the surface of 
the sample is oxidized further.

These types of measurements are applicable to a wide range of materials. Follow-
ing the change in stoichiometry as conditions are varied is not limited to gains or 
losses of oxygen but can be relevant for other anions or molecular species. Previously 
it was shown how weight changes associated with the loss of Li2O were used to 
investigate the phase composition of LiNbO3. Similarly, the exchange of H2O, ZnO, 
PbO, or other volatile molecular species can be studied for other ceramics.

Thermal analysis has been extensively applied to understanding the processing 
stages of ceramics as well as in studying phase equilibria and reactions. Starting mate-
rials may be routinely assayed by TG in order to determine the pickup of moisture 
and CO2 during storage. As examples, rare earth oxides are particularly reactive to 
CO2 and moisture during storage, while the water content of hydrated salts varies 
with humidity.

Similarly, the temperature profi le for the burn-out of binders, lubricants, and 
surfactants can be measured by TG. The organic content of raw materials can be 
measured by TG and verifi ed by EGA. The thickness of coatings such as the carbon 
used to protect glass fi bers hermetically from interaction with the atmosphere can be 
determined from their weight loss and density.

Determining the Physical Variables

The variables necessary to describe phase equilibria are temperature and pressure 
for equilibrium; when considering nonequilibrium situations, time is an additional 
factor. The measurement and standardization for time, however, needs little explana-
tion. Because most phase equilibria are concerned with equilibrium at atmospheric 
pressure, temperature is the most important physical variable.

The International Temperature Scale (ITS) was developed in 1927 and most 
recently revised in 1990. The scale ranges from 0.65 K to the upper limit of radiation 
pyrometry using Plank’s law and monochromatic light. Below room temperature, 
the fi xed points defi ned are based on the vapor pressure relationships of 3He and 
4He at the low end through a series of triple points to the triple point of water at 
0.01 °C. Above this temperature, the melting/freezing points of pure metals from 
Ga at 29.7646 °C to Cu at 1084.62 °C are used. The primary reason for revising the 
temperatures of the fi xed points has been the increased purity of the metals rather 
than improved measuring technology.
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There are three offi cial methods for the measurement of temperature, each with 
a specifi ed range of use. Below the triple point of natural hydrogen (13.8033 K) 
the gas thermometer is the method of choice. From there to the melting point of 
silver at 961.78 °C, the electrical resistance of pure platinum is used for interpola-
tion between fi xed points. Above this temperature the measurements are based on 
Plank’s radiation law. Thermocouples, however, are the devices most often used in 
practice. Tables and fi tted equations have been extensively developed to relate the 
emf from the most common types of thermocouples to the ITS. Unfortunately, they 
have not been revised yet to accommodate the most recent change in the ITS. The 
interested reader is referred to the second edition of the monograph on temperature 
by Quinn.13

Most experimental measurements of temperature associated with studies of 
ceramic phase equilibria use thermocouples or, at the highest temperatures, opti-
cal pyrometry. Thermoanalytical instruments and hot stages for microscopy, X-ray 
diffractometers, or spectroscopic investigations use a variety of thermocouples 
depending upon the range of operation. The fi xed points in the region of inter-
est to ceramists are based on melting points and, hence, are readily measured by 
DTA or DSC. Consequently, the identical instruments regularly used to determine 
phase equilibria may be directly and conveniently calibrated using primary tem-
perature standards.

The discussion of DTA in the previous section describes the precautions and rec-
ommended practices for calculating the melting point from DTA or DSC curves. 
The advent of instrumentation for simultaneous DTA/TG or DTA/EGA allows the 
TG and EGA instruments to be calibrated directly as well. Many secondary standards 
for temperature measurements have also been developed for thermal analysis. These 
have been based on solid1–solid2 crystallographic transitions or magnetic transitions, 
that is, Curie or Neel temperatures.

The latter transitions can be readily detected by TG in the presence of a weak 
magnetic fi eld gradient. The apparent weight gain or loss determined by the direc-
tion of the magnetic fi eld gradient vanishes as the material becomes paramagnetic. 
This measurement of TG in the presence of a magnetic fi eld gradient, called ther-
momagnetometry (TM), has also been used to detect the formation of magnetic 
products or intermediates and the consumption of magnetic reactants.

While most measurements are made at essentially atmospheric pressure, there is 
great scientifi c and technological interest in both the high-vacuum and high pressure 
regimes. Low-pressure processing is particularly important in the fi eld of thin fi lm 
technology—chemical vapor deposition, sputtering, and evaporation methods, etc. 
Catalysis, energy technologies, and sintering may utilize high pressures. Extremes in 
pressure considerably complicate the experimental techniques.

Commercial thermal analysis equipment is available to work in the range from 
about 10–6 to 105 torr over restricted ranges of temperature. A wide variety of 
pressure vessels, autoclaves, and vacuum chambers are readily available for sample 
treatment and equilibration. These can be fi tted with either internal or external 
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temperature control devices. For special information on vacuum techniques and 
measurements, the reader is referred to Dushman.14 Similarly, high-pressure tech-
nology is described by Wentorf and DeVries.15

8.4 Rates and Mechanisms of Reaction

General Considerations

The study of the reactivity of solids is a complex, fascinating, and frequently contro-
versial topic. Hedvall was a major contributor to the understanding and appreciation 
of the topic. He listed the following major factors associated with reactivity in his 
1934 review16:

• heating

• deformation

• impurities in the lattice

• radiation

• changes in crystal structure accompanying phase transformations and decom-
positions.

These are primarily concerned with the degree of disorder in the solid. Factors which 
increase this disorder enhance the reactivity of the material. The existence of a brief 
period of enhanced reactivity during a solid1 ➝ solid2 phase transition has been 
controversial and is referred to as the “Hedvall effect” (see References 17, 18, and 
references therein). An example in ceramic processing is the use of metastable 
anatase instead of the stable rutile form of titanium dioxide for the preparation of 
barium titanate.19

The qualitative infl uence of the factors listed above can be deduced from rela-
tively simple experiments. Quantitative evaluation, on the other hand, requires the 
measurement of specifi c rate constants and Arrhenius parameters under the specifi ed 
conditions. Methods capable of following the concentration of the desired species as 
a function of time can produce specifi c rate constants. If the change of mass or heat 
correlates with concentration, then thermoanalytical techniques are ideally suited. 
Relevant data can be obtained in either an isothermal or programmed temperature 
mode of operation.20 Recent studies suggest that the best approach is to use feedback 
from the process to determine the heating rate.21 For TG, the heating rate can be 
controlled to give a preset rate of weight loss or total pressure, whereas for dilatom-
etry the rate of shrinkage is preset. This latter approach has been particularly valuable 
in optimizing the conditions for sintering.22

Many rate laws have been developed to describe solid–solid decompositions, 
solid–solid reactions, and gas–solid reactions. Table 8.4 lists some of the most 
common reaction rate laws expressed as functions of the fraction reacted, α. If the
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 selected model is appropriate, then a plot of that expression versus time will be linear 
and the slope will equal the specifi c rate constant, k :

f (α) = kt (8.2)

Derivations of the rate laws given in Table 8.4 are beyond the scope of this 
chapter; Reference 20 is recommended for more detail. The equations for contract-
ing geometry are generally most applicable for decompositions. They are based 
on a reaction interface moving at a steady rate, and the effective overall rate is 
determined by geometrical considerations. The reaction initiates at a surface and 
moves inward in one, two, or three dimensions. The exact form of the expression 
depends on the crystalline anisotropy of the rate constants and the particle shape. 
The generalized expressions in Table 8.4 are for a uniform cross section progressing 
linearly, for example, a burning fuse; a circular disk reacting from the edge inward; 
and an isotropically collapsing sphere for the one-, two-, and three-dimensional 
cases, respectively.

Rarely, however, do the particle shape, degree of perfection, and anisotropy allow 
for these precise and invariant values of n. Because of mass and thermal transport, a 
pile, pressed pellet, or other assemblage of powder may behave as though it were a 
single particle, that is, reacting from the external surface into the center or bottom of 
the pile depending on the transport conditions.

The Erofeev rate laws listed in Table 8.4 provide for nucleation and growth 
under various conditions that take into account impinging and overlapping nuclei. 
Other rate expressions are predicted for autocatalytic phenomena, and for diffusion 

Rate Law Equation

Power law αn, n = 2, 1, ½, ⅓, ¼

Contracting geometry 1 – (1 – α)1/n, n = 1, 2, 3

Erofeev –ln(1 – α)1/n, n = 1, 1.5, 2, 3, 4

Diffusion controlled, 2D (1 – α) ln(1 – α) + α

Diffusion controlled, 3D (1 – ⅔α) – (1 – α)2/3

Jander [1 – (1 – α)1/3]2

Prout-Tompkins ln[α/(1 – α)]

Second order 1/(1 – α) – 1

Exponential ln α

Table 8.4 Common rate laws for heterogeneous kinetics. f(a) = 
kt; a = fraction reacted.
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controlled rates through product layers which are based on geometrical assumptions. 
Kinetics of heterogeneous reactions is a diffi cult and controversial topic; however, 
technology frequently requires a minimum predictive capability and understanding 
of the specifi c mechanisms occurring in these critical processes.

The simplifi ed Arrhenius expression, Equation 8.3, describes the temperature 
dependence of the rate constant:

kt = Ae–E/RT (8.3)

where A is the pre-exponential term, E the apparent activation energy, T the absolute 
temperature, and R the gas constant. The Arrhenius parameters, A and E, are usually 
determined from a set of isothermally derived values of k.

The parameters A and E can also be calculated from data taken under non-iso-
thermal conditions. These analyses are derived from mathematical combinations of 
the various rate laws, the Arrhenius equation, and the heating rate (usually linear 
with respect to time). Several methods of numerical analysis can determine the 
parameters from a single dynamic experiment, whereas others require a series of 
experiments performed at different heating rates.20 These dynamic experiments 
are faster and more convenient, but are less flexible and informative, than iso-
thermal studies.

Some precautions are necessary when using non-isothermal experiments. To 
determine if mass or thermal transport is the rate determining step, measure the rate 
constants or Arrhenius parameters at different sample sizes, heating rates, and fl ow 
rates. Do not conclude, based solely on the best fi tting rate law, that the mechanism 
is necessarily the one for which that rate expression was derived. One must confi rm 
the mechanism using other methods, such as microscopy. Bear in mind that the 
Arrhenius equation is mathematically ill-conditioned and requires very precise data 
to establish uniquely the values of A and E. More often, a range of A and E values 
will fi t the data in a manner where a high value of E is coupled with a high value of 
A, predicting virtually the same rate in the temperature region in which the measure-
ments were made. Referred to as “the kinetic compensation effect,” this is a topic of 
extensive discussion.

Decomposition of Precursors

The mechanisms, rates, and reactivity of the products markedly affect the success 
or failure of a synthesis. The calcination step is usually at atmospheric pressure in a 
suitably oxidizing, inert, or reducing atmosphere. Even under these straightforward 
conditions, various effects and reaction paths are still possible.

The atmosphere initially surrounding the sample will change during the course 
of the decomposition because of the buildup of product gases or the depletion of 
the reactive gas. The equilibrium decomposition temperature for reversible reac-
tions is determined by the partial pressure of the product. The temperature at the 
reacting interface, therefore, must increase during the decomposition as the outward 
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diffusion of the product gases becomes increasingly diffi cult because of the buildup 
of products. Reversible reactions common in ceramic syntheses are the decomposi-
tion of carbonates, hydroxides, hydrates, and oxides.

The ill-defi ned nature of the temperature at the reaction interface is exacerbated 
by the enthalpy of the specifi c reaction. This energy, which is evolved or absorbed 
by the reaction, is generally large compared with the heat capacity of the reactants 
and products. Hence, the actual temperature at the reaction interface may differ 
substantially from that of the nearby temperature sensor. Consider the oxidation of 
carbon monoxide that occurs during the decomposition of oxalates in air. The ther-
mocouple near the sample may indicate 300 °C while the actual specimen is glowing 
a bright red (indicating at least 600 °C). Conversely, for the more typical endother-
mic decomposition it is necessary to supply heat to maintain the reaction.

The degree and rate of attaining structural order at the reaction interface, particu-
larly on the product side, also infl uences the reaction. It matters whether the product 
initially is in an amorphous or microcrystalline state for a signifi cant period of time 
or whether it orders immediately upon formation. For example, if it is amorphous, 
then the full effect of the product’s lattice energy is not indicated in the apparent 
activation energy of the process. Such effects are not uncommon. The movement of 
the decomposition front for even a virtually perfect material is, therefore, established 
by the complex interactions of the concentration gradients of the reactant or product 
gases or both, the temperature profi le and thermal transport properties of the system, 
and the degree of order present throughout the reactants and products.

The decomposition of calcium carbonate, Equation 8.4, is a good illustration of 
these effects:

CaCO3 ➝ CaO + CO2 (8.4)

The dependence of the decomposition temperature on the partial pressure of CO2 
obtained by the use of various sample holders has been described by Paulik and 
Paulik.23 Each of the sample holders shown in Figure 8.9 provides a different rate 
of exchange with the fl owing atmosphere. The decomposition temperature increases 
markedly as the degree of mixing is impeded and the partial pressure of the CO2 
builds. This effect and the endothermic nature of the reaction are also shown to have 
a remarkable infl uence on the apparent activation energy for this relatively simple 
reaction as the sample size and heating rate are varied.24

These transport effects not only change the temperature and rate of the reac-
tion, but they can even infl uence the choice of reaction pathways for energetically 
similar routes. An example is the decomposition of aluminum hydroxide, the min-
eral Gibbsite, to ultimately form the stable phase of alumina, corundum. The path-
way tends to shift among three routes, each having different intermediate crystalline 
phases of alumina, with changes in starting particle size, heating rate, total pressure, 
or partial pressure of water vapor.25
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The particle size and distribution, the extent of particle agglomeration, porosity, 
and powder morphology are usually established during the decomposition and any 
subsequent high-temperature reactions. Manipulation of the calcination then offers 
some degree of control over these factors. Certainly, several characteristics of the 
precursor are also variables in this process. Often the decomposition may have topo-
chemical aspects which produce agglomerates having the crystallographic orientation 
and shape of the initial particle. A comminution stage may be added to alter the 
properties from the fi nal thermal treatment; however, one of the goals of chemical 
synthetic methods is to eliminate, or at least minimize, this requirement.

By lowering the temperature necessary to achieve the desired product, it is gener-
ally possible to produce the material in a more fi nely divided state. This increases 
the range of particle size which can be achieved, and the time and temperature of 
calcination can be used to attain some measure of control over the fi nal powder char-
acteristics. At the other extreme, it is possible to prepare amorphous particles or glass 
ceramics by preventing or controlling nucleation and growth during cooling from a 
high-temperature homogeneous melt.

The surface area of the product will be at a maximum immediately after each 
stage in the decomposition, as would be expected. The particles of the product pow-
der grow and the porosity tends to close as the temperature is raised further. These 
changes are measured by a decrease in surface area and can also be confi rmed by 
X-ray diffraction. Often, one assumes spherical particles and a particular density in 
order to calculate an effective average particle size from the surface area according to

where ED is the effective diameter in μm, ρ is the density in g·cm–3, and SA is the 
surface area in m2g–1.

The rate of heating can also be a factor. Fisher26 has shown that the density and 
pore structure of calcium oxide formed from the decomposition of calcium carbonate 

Figure 8.9 Influence of sample holder on the thermal decomposition of CaCO3.
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depend not only on the maximum temperature but also on the heating rate. High 
heating rates tend to heal over the surfaces, inhibiting diffusion and trapping gases. 
Large disruptive pores and fi ssures form under these conditions. Slower heating rates 
yield a denser product having smaller pores more suitable for subsequent densifi ca-
tion. There may be instances, particularly for highly exothermic reactions, where the 
heating rate is impossible to control, such as in the decomposition of oxalates in air 
or in the decomposition of materials with internal oxidizing agents such as nitrates.27

The use of large deep trays or crucibles, probably covered, for calcination accentu-
ates these problems, and different sections of the sample will react at different tem-
peratures and times. Shallow trays in a fl owing atmosphere are an improvement, but 
tumbling and rotating tube furnaces or fl uid bed calciners are obviously superior. For 
some reversible reactions it may be benefi cial to perform a vacuum calcination for the 
ultimate removal of the product gases.

The preceding discussion of precursor decomposition has dealt with simple 
decompositions, such as occurs in alkaline earth carbonates in the production of reac-
tive, fi nely divided, alkaline earth oxides. Many of the most useful precursors, how-
ever, are complex compounds or solid solutions, for example, BaTiO(C2O4)2·4H2O, 
LaFe(CN)6·5H2O, and (Fe,Mn,Zn)C2O4·2H2O. These compounds, produced by 
coprecipitation, yield BaTiO3, LaCoO3, and (Fe,Mn,Zn)3O4, respectively, after cal-
cination in air. Such materials are formed at lower temperatures with greater fl exibil-
ity and control of the particle size and purity than when traditional ceramic methods 
are used. Other precursors result from sol–gel synthetic routes, freeze-dried or spray-
dried mixtures of salts, decomposition of a variety of organometallic materials, etc.

The subsequent thermal decompositions of these precursors generally involve a 
number a competing and consecutive reactions. At some stage, a mixture of inter-
mediates may form that correspond to the starting materials used in the traditional 
synthesis. These intimately mixed and highly reactive powders, however, react much 
more readily than the conventionally mixed, bulk reactants. The complex oxalate 
mentioned earlier decomposes to yield a mixture of BaCO3 and TiO2 at one point, 
but these react near 600 °C to form the product, compared with about 1000 °C for 
the conventionally mixed material.

Solid–Solid Reactions

Much of what has been discussed in the preceding section applies to solid–solid 
reactions as well. These reactions are generally exothermic in contrast to thermal 
decompositions and phase transformations. The latter are usually driven by a positive 
change in entropy, whereas the former are primarily driven by a negative enthalpy. 
Hence, in principle, the solid–solid reactions have a measurable rate at room tem-
perature, but in reality they must reach temperatures at which the necessary mass 
transport will occur within a reasonable time. The exothermicity can lead to a 
runaway reaction, however, once the kinetics become favorable. This effect is the 
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basis for the synthetic technique referred to as self-propagating high-temperature 
synthesis (SHS).

A particularly informative and authoritative text on solid-state reactions has been 
written by Schmalzried.28 Such reactions are classifi ed as (1) single-phase homoge-
neous, (2) single-phase inhomogeneous with miscibility, or (3) heterogeneous with 
a product barrier. An example of the fi rst category is the atomic rearrangement or 
order-disorder taking place within a spinel, such as NiFe2O4, as the distribution of 
nickel and iron ions shifts between the tetrahedral and octahedral sites with changing 
temperature.

The second category is represented by the reaction

xAO + (1 – x) BO = (AxB1 – x) O (8.6)

where the product is a simple solid solution. The third category does not form a mis-
cible solid solution but rather a series of one or more distinct compounds:

AO + BO2 = ABO3 (8.7)

The reaction can only progress via mass transport across or around the layer of 
product.

The third category also may involve the formation of more than one product. If 
ion A diffuses more rapidly than ion B, then a phase of A2BO4 might form as an 
intermediate species. This is frequently the case where coarse powders are used and the 
diffusion paths are longer. Examples of multiple product formation have occurred in 
the synthesis of BaSnO3 and BaTiO3. Given stoichiometric amounts of AO and BO2, 
the equilibrium composition of pure single-phase ABO3 will ultimately predominate.

The rate laws for solid-state reactions are included in Table 8.4. The diffusion 
equations are particularly interesting for these reactions, as they were derived assum-
ing that one reactant is entirely surrounded by the other. However, these equations 
are frequently followed even with one-to-one ratios of the reactants and only point 
contacts between the particles. An example of this is the reaction of α-Fe2O3 with 
Li2CO3 to form LiFeO2.29

The explanation for this agreement lies in the relatively rapid surface diffusion of 
one of the components, in the above case Li2CO3. As a consequence, one reactant is 
quickly coated with a layer of the other so that the conditions corresponding to the 
rate law are achieved. Under these conditions, it was shown that the rate constant is 
proportional to the square of the surface area of the least mobile component. Again, 
this result demonstrates the need to verify the apparent mechanism inferred from the 
kinetics using other experimental methods.

Since reducing the particle size and increasing the particle-to-particle contacts 
enhance the rate of reaction, prolonged milling of the mixture improves reactivity. 
Care must be taken, however, not to leach out one of the reactants preferentially or 
to signifi cantly contaminate the sample with grinding media. The milling may also 
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infl uence the rate of subsequent reactions by introducing strain, defects, and nonstoi-
chiometry into the powder particles.

Controlling the partial pressure of oxygen over the reacting mixture can also have 
a profound effect on the rate of reaction in cases where the number of defects and 
even the particular phases involved can be changed. The current interest in high-
temperature superconductors provides an excellent example. Because the range of 
oxygen nonstoichiometry can be relatively large in these materials, the number of 
anion vacancies can vary widely. The vacancy content of the product layer, in this 
example, will determine the diffusion rates within the barrier phase and thereby 
control the rate of reaction.

The Hedvall effect was mentioned previously as another potential infl uence on 
reactivity. Since changes in rate have been noted during magnetic transitions, it may 
seem reasonable to conclude that the internal magnetic fi eld set up by the reactants 
and products alters the rate of the reaction during that time. That raises the question 
of whether or not the imposition of an external magnetic fi eld will affect the course 
of a reaction involving magnetic materials. Studies of this topic have not always 
agreed—see, for example, Reference 30 and references therein.

It is less controversial that an external electrical fi eld will affect reactions, since 
there is frequently a fl ux of electrons involved in the particular overall reaction. The 
nature of the electrical contacts is important in such reactions; for example, is there 
a closed-circuit conduction path or is there only a fi eld applied without contacts? 
Even the provision for a short circuit without the application of an external fi eld will 
facilitate many reactions. The buildup of charge barriers at interfaces such as grain 
boundaries becomes an important consideration in these cases.

The experimental methods used to study solid–solid reactions are the same as 
those described earlier. X-ray diffraction and thermal analysis provide average or inte-
grated information about the extent of the reaction without directly observing the 
mechanism or morphology. The use of TG depends on the correlation of weight loss, 
such as in carbonate or hydroxide decomposition, with the course of the reaction. 
Integration of the partial area under the DTA or DSC peak as a function of time and 
temperature will yield useful information on the rate. Correlations based on volume 
changes are more diffi cult because of porosity and shrinkage as well as other volume 
changes due directly to the reaction.

Microscopy and EDX microprobe studies are most useful for detailed analysis 
of mechanisms. If massive sintered samples or single crystals are used as reactants, 
then an inert marker can be placed at the initial interface and the position of the 
product phase relative to the marker will indicate which species are diffusing. A 
microprobe scan across a polished cross section will reveal any concentration gra-
dients. These gradients will indicate the stoichiometry and number of intermedi-
ate and fi nal products that occur, along with any solid solubility within the phases. 
Figure 8.10 presents the results of such a compositional scan for the system CoO–
TiO2.28 Clearly, there are three intermediate phases and there seems to be some 
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slight range of composition possible for Co2 TiO4. The other four phases show little 
tendency to form solid solutions of variable composition.

With the advent of solid electrolytes, such as the stabilized forms of zirconia, the 
fi eld of solid-state electrochemistry has grown. Galvanic cells utilizing this mate-
rial as an electrolyte for anionic (O2–) conduction have been used in conjunction 
with the Nernst equation to measure within various ceramic systems (1) the Gibbs 
free energy of formation, (2) the activity of O2–, and (3) the kinetics of solid-state 
reactions. Electrolytic cells can be used to drive reactions in the non-equilibrium 
direction by the application of an electrical current. The reader is again referred to 
Schmalzried.28

Solid–Liquid Reactions

The presence of a liquid phase has marked infl uence on both diffusion rates and the 
area of contact between phases. The latter aspect depends upon the wetting proper-
ties of the respective phases. Due to improved mass transport, equilibrium is gen-
erally established more rapidly in the liquid phase at the same temperature. Con-
sequently, fl uxing agents are frequently added to facilitate reactions, sintering, or 
crystal growth. Local liquid zones will often lead to whisker growth from the vapor 
phase. Increased reaction and solubility at that point deposits fresh solid underneath 
the small liquid pool, and anisotropic growth or precipitation results.

The formation of a liquid phase by melting or eutectic reactions is readily deter-
mined by DTA or DSC. Microscopic observation of a quenched sample will gener-
ally indicate the presence and amount of a liquid phase at the higher temperature.

Many texts and monographs have been written on the subject of solution-precip-
itation phenomena. The formation of colloid phases and the rheological properties 
of suspensions are outside the scope of this chapter. The electrical properties of the 
solid surface and the associated layer of electrolyte or solvent phase play major roles 
in the transport and fl occulation of the solid phase.

Figure 8.10 Microprobe trace of the reaction product after a reaction between 
TiO2 and CaO at 1420 °C for 93 h in air.
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Applications to the fi eld of ceramics are in the areas of crystal growth, precursor 
precipitation, and corrosion. A distinguishing aspect of solid–liquid reactions, in 
contrast to solid–gas reactions, is the ability of the liquid phase to allow electrolytic 
conduction. This conductive path frequently leads to increase corrosion rates by pro-
viding connections between local cathodic and anodic zones. The scanning tunneling 
microscope and atomic force microscope can be used from within the liquid phase to 
examine the surface topography of a rigid solid surface, such as an electrode, ceramic, 
or metal.

Solid–Gas Reactions

Some of the major forms of gas–solid chemical interactions are (1) catalytic reactions, 
(2) simple chemisorption, chemical vapor deposition (CVD), or crystal growth, (3) 
oxidation or reduction reactions, and (4) addition reactions, such as carbonate or 
sulfate formation. Each of these classes presents unique experimental challenges. The 
fi rst two categories involve reactions at the surface and do not require bulk diffusion. 
The latter two types, however, need material transport through the product layer in 
order to continue. There are numerous examples where the fi lm of product initially 
produced is essentially impervious and thus becomes protective, forming a barrier to 
further reaction.

The variety of specifi c surface analytical tools described elsewhere in this volume 
are the primary methods of characterizing the changing surface chemistry during 
catalytic and CVD processes. Microscopy, particularly ESEM, described in Sec-
tion 8.3, provides morphological and structural information. X-ray diffraction 
will reveal the crystal structure, or lack thereof, for the thicker fi lms as they are 
deposited or formed. Frequently, one can detect and use for calibration purposes 
the pattern of the underlying substrate, especially when working at other than 
room temperature. The texture or orientation of the surface is determined by both 
the topochemical factors of any reactions and the properties and structure of the 
underlying substrate.

Thermoanalytical methods are also useful. TG is often used to detect weight gains 
from the adsorption of gases onto the surface. This analysis can be nonselective, such 
as the use of nitrogen at low temperature to measure the surface area and porosity 
(BET), or it can be done selectively through chemisorption on specially active sites, 
such as acidic gases on basic sites and vice versa or hydrogen onto metallic sites in 
supported catalysts. If the surface reaction has a reasonable density of reactive sites 
and favorable kinetics, it can be detected and followed using DSC or DTA. The 
aspects involving desorption or exchange of gases with the surface are directly detect-
able through EGA techniques. The appearance of water vapor in the gas phase during 
the reduction of oxides by hydrogen or the formation of product gases over a catalyst 
are typical examples.

A number of gas–solid reactions involve substantial changes in weight. The rates 
of such processes as crystal growth, the oxidation of metals, and the removal of 
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sulfur dioxide from fl ue gases are readily determined by TG or EGA invoking the rate 
law expressions presented in Table 8.4. If a gas is consumed or evolved, it is even pos-
sible to use the total pressure of a closed system to follow the course of the reaction.

Gas–solid reactions may require mass transport through the product fi lm. Mark-
ers similar to those described earlier for solid–solid reactions can be used to deter-
mine the primary direction of mass transport. If the transport is from the underlying 
reacting solid to the product/gas interface, then the marker will remain at the solid 
reactant/product interface and substantial void space will also be observed under-
neath the product layer.

8.5 Summary

Some fundamental aspects of equilibrium and non-equilibrium phase equilibria have 
been discussed, along with the major factors that infl uence reactivity in the solid 
state. These topics are of crucial importance in ceramic technology and must be 
addressed in spite of their complexity and the considerable time, effort, and expense 
required to perform meaningful experiments. They impact on the entire range or 
relevant science and engineering from synthesis to sintering and fi nal determination 
of the material’s properties.

Many of the current products so vital to our technologically based society—
window glass, spinel ferrites, and some composites—are based upon metastable 
phases. An appreciation of the associated phase equilibria is essential in preparing 
and optimizing such materials. Control of the solid-state reactivity is also necessary 
to provide equilibrium materials having the optimum morphology, composition, and 
atomic order.

Microscopic, diffraction-based, and thermoanalytical techniques are the three 
most important classes used to study these phenomena. Examples of each of these 
have been described in some detail.
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Mechanical Properties and Fracture
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9.1 Introduction

The mechanical strength of ceramics, more than any other factor, limits their perfor-
mance in applications. The key to successful use of ceramics, therefore, is a detailed 
understanding of how they respond to mechanical stress and, ultimately, how they 
fail. It is also essential to be able to optimize the design of structures that employ 
ceramics so that mechanical stress in the ceramic is minimized.

The intent of this chapter is to provide a perspective on the mechanical behavior 
of ceramics and glasses and an introduction to procedures that will assist in opti-
mizing the engineering application of these materials. The chapter begins with a 
description of the fracture process and methods of measuring and analyzing brittle 
failure. In addition, because fracture surface analysis is such a valuable tool, not only 
in developing an understanding of failure processes in ceramics, but also in assess-
ing design inadequacies, the chapter includes a discussion of how fracture surface 
features are generated and how they are employed in analysis.

9.2 The Fracture Process

Mechanical Strength of Brittle Materials

In most applications, ceramics and glasses behave as brittle materials; that is, they 
display a linear stress/strain curve up to the failure stress and then an abrupt failure 
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as a crack propagates through the part.1 In many typical applications, such as the 
glass in automobile windows, failure occurs at a low value of stress (1000–10 000 
psi). These low-strength failures have led to the view that glass is a weak material. 
In fact, the theoretical strength of glasses and ceramics is very high (about 3 million 
psi or 20 GPa for silicate glasses and even higher in oxide ceramics). Moreover, with 
proper care in production and handling, glass with strengths approaching theoretical 
can be achieved in practice. For example, in fi ber-optics applications, the fi bers have 
strengths that are one-tenth to one-third of the theoretical value.

Calculated values for the theoretical strength of a material are obtained by assum-
ing that the applied stress has stretched every bond, in a plane perpendicular to the 
applied stress, to the point at which all the bonds break simultaneously. One of the 
common assumptions in such analyses is that the bonds must be stretched one-tenth 
of their original length to produce failure.

The discrepancy between the theoretical strength of glasses and the values obtained 
in many practical applications exists because materials contain fl aws that lower their 
strength. Operationally, a fl aw is any structural feature in the part that raises the local 
stress at the feature above the applied stress in the part. The amplifi cation of stress, 
or the stress concentration factor, varies with the character of the fl aw. For a cylindrical 
hole in a sheet of an isotropic material such as glass, the amplifi cation is a factor of 
three at the edge of the hole. For cracks, which can be considered ellipsoids with a 
minimum radius of curvature of atomic dimensions, the stress concentration at the 
crack tip can be a factor of hundreds or thousands. Thus, with an applied stress of, 
say, 1000 psi, the stress at the crack tip can be raised to the theoretical value.

For all fl aws, the local stress is a maximum adjacent to the fl aw and decreases rap-
idly away from the fl aw. Irwin2 obtained an expression for the stresses in the vicinity 
of a crack tip that exemplifi es how these local stresses vary (Figure 9.1). In these 
equations, K1 is the stress intensity factor and a function of the applied stress and the 
fl aw severity. One of the features of these equations that is important in understand-
ing how cracks propagate is that the stress is a maximum in the plane in front of the 
crack tip. As a consequence, for an isotropic material, the bonds directly in front of 
the crack tip are the ones that will fail; that is, the crack grows in the plane per-
pendicular to the applied stress. Moreover, in a uniform, planar, applied stress fi eld 
(where σx = σy  = constant), once the crack has started to grow in a given plane, it will 
continue to propagate in that same plane.

Although the description above invokes the idea of bond failure at a specifi c local 
stress value at the crack tip, it is often more useful to describe the failure process as 
one in which suffi cient energy is supplied to each bond at the crack tip to rupture 
that bond. One of the more important equations of fracture mechanics, the Griffi th 
equation, was obtained by using this approach.3 Griffi th noted that, in a purely 
mechanical failure (in which no other energy was supplied to rupture the bond), 
the energy required to break the bonds and create new surface during some incre-
mental extension must have been supplied from the strain energy released during 
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that extension. A necessary condition for the onset of fracture is, then, that the strain 
energy release is equal to the energy used in breaking the bond.

The original equation derived by Griffi th has been modifi ed to include the contri-
butions of Inglis,4 Orowan,5 and the Irwin formulation. The most commonly used 
form of the equation relating the failure stress, σf , to the crack size, c, is

where K1c is the critical stress intensity factor for the material and Y is a factor which 
is related to the geometry of the fl aw. K1c, also commonly referred to as the fracture 
toughness, is a measure of the resistance to crack growth in the material.

More generally, Equation 9.1 can be written to describe the stress intensity for a 
crack of length c and an arbitrary applied stress σ:

It should be obvious from Equation 9.1 that the criterion for failure is that K1 ≥ K1c.

Flaws, Statistics of Fracture, and Measurement Techniques

In general, the fl aws that determine the practical strength of a ceramic or glass are 
introduced in the fabrication of the material or in subsequent machining or han-
dling. Flaws produced in ceramic fabrication are often a consequence of imperfect 
packing of the starting powder and appear as large voids or poorly sintered zones. 
Contaminants, particularly those in the form of inclusions with a different thermal 

Figure 9.1 Stress distribution near the crack tip from the Irwin analysis. (From 
Reference 2.)
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expansion or a different elastic response than that of the matrix, can lead to locally 
high stress concentrations.

For alumina and other ceramics with anisotropic thermal expansion, differen-
tial contraction between adjacent grains with different crystal orientation produces 
residual stresses that can promote crack propagation and lower the strength of the 
ceramic. Elastic modulus anisotropies also create local stresses during loading. The 
effects of anisotropy are exacerbated in large grains. As a result, exaggerated grain 
growth during sintering can lead to low-strength failures. Large grains can be par-
ticularly effective fl aws when the grains contain easy cleavage planes. As an exam-
ple, the effective fracture toughness for the easy cleavage plane in βʺ-alumina is 
0.2 MPa·m1/2, whereas the toughness perpendicular to that plane is 2.0 MPa·m1/2. 
Fine-grained βʺ-alumina has K1c  = 1.8 MPa·m1/2. To obtain reasonable strength, it 
is absolutely essential to limit grain size in this material.

Flaws produced in glass fabrication are usually a result of incomplete melting of 
the batch constituents or of attachment of contaminant particles to the surface of 
the glass during forming. Rapid quenching at contact with a mold can produce chill 
marks that result in high stress concentrations.

Most of the fl aws produced during machining and handling have the character 
of Hertzian cracks, that is, cracks generated by the very high stresses in the zone of 
contact of a hard, sharp particle with the glass or ceramic surface.6 The size of these 
cracks depends on the area of the zone of contact (the size of the particle) and the 
magnitude of the contact load. Where high strength is critical in a part that must 
be machined, it is common practice to machine in steps beginning with large-grained 
abrasive and reducing the grit size in successive steps. The intent is to remove the 
machining damage of each preceding step so that the fi nal product has only the fl aws 
introduced in the fi nal machining step.

Practical ceramics contain numerous fl aws of varying severity and usually of vari-
ous types. If the ceramic part is uniformly stressed to the point of failure, the origin 
for that failure will be the worst fl aw in the part, that is, the one with the highest 
stress intensity. In the more usual case of a varying stress fi eld in the part, failure will 
still be produced by the fl aw whose stress intensity fi rst reaches the critical value; 
however, that may not be the largest fl aw in the part.

In most instances, a group of ceramic or glass samples produced under nominally 
identical conditions will have worst fl aws that vary in severity and location. As a con-
sequence, strength values for those samples will vary, often over a rather wide range. 
The distribution of failure stresses is usually analyzed in terms of the extreme value 
statistics developed by Weibull.7 The most common functional form used in these 
statistical treatments is

where F is the probability that a part will fail at stress σ, σ0 is the modal value for 
failure stresses in the set of samples, and m is the Weibull coeffi cient. Obviously, it 
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is desirable to have a high value of the modal, σ0. For high reliability, it is also impor-
tant to have a narrow range of failure stresses, that is, a high value for m.

A variety of sample geometries and loading schemes have been used to obtain 
strength data on ceramic materials. Most data in current literature were obtained 
using one of the ASTM standard tests described in Reference 8. In general, the 
brittle character of ceramic failure makes it diffi cult to use a simple tension test. The 
most convenient geometry, from the standpoint of ease of fabrication and loading, 
is a bend specimen. Quinn and Morrell9 have given an excellent review of the use of 
bend tests for characterizing brittle materials behavior. In all testing, it is essential to 
remember that, in general, the process used to fabricate the test specimen will intro-
duce a fl aw population with a different character than that produced in the compo-
nent application. Therefore, the test results must be used with caution in predicting 
the behavior of the component.

Because of the importance of K1c in the mechanical performance of ceramics, a 
variety of techniques have been developed to measure this parameter. Reference 10 
is an excellent source of information on these techniques and on their use in charac-
terization of ceramics.

Subcritical Crack Growth

In the preceding description of the fracture process, it was assumed that the only 
source of energy to break the structural bonds was the strain energy provided by the 
loading system. It was also assumed that no crack growth was possible unless the 
stress intensity at the crack tip exceeded K1c. That assumption implies that, for a 
crack of a given size, no crack growth should occur until the stress reaches the critical 
value and, once that critical value is obtained, fracture should be immediate.

That assumption is not appropriate for sustained loading of most ceramics and 
glasses. It has long been observed that, under sustained loading, delayed failure can 
occur at stresses substantially lower than the value necessary to produce immediate 
failure. This static fatigue behavior is enhanced by high relative humidity in the air 
surrounding the stressed part. Wiederhorn11 showed that static fatigue in silicate 
glasses and certain oxide ceramics resulted from slow crack growth at stress intensi-
ties less than K1c. He concluded that fi nal, catastrophic failure occurred when slow 
growth extended the crack to the point that the Griffi th criterion was satisfi ed, that 
is, when K increased to K1c.

Michalske and Freiman12 introduced a model for subcritical crack growth in sili-
cate glasses in which an originally unreactive Si–O bond becomes more reactive as it 
is deformed in the stress fi eld at the crack tip. At some level of stress intensity, a water 
molecule adjacent to the bond is able to react with it and produce two silanols; that 
is, it breaks the bond. At low K1, the reactivity of the bond is low but it increases 
approximately logarithmically as K1 increases. The higher the reactivity, the more 
rapidly bonds break and the faster the crack grows.

Michalske and Freiman pointed out that the water molecule is particularly suited 
to react with the Si–O bond because it has a labile proton and a lone electron pair 
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whose separation is about the same as the Si–O bond length. They argued that other 
molecules with similar bond structures should also react with the Si–O bond and 
produce subcritical crack growth in silicate glasses. Subsequent experiments showed 
that ammonia, hydrazine, and other reagents with the proper acid/base character 
produced subcritical crack growth with essentially the same logarithmic depen-
dence—the same slope for log V versus K1 plots—as that obtained with water.

In ceramics such as 94% alumina, which has a substantial quantity of glass phase 
at the grain boundaries, subcritical crack growth is usually through the glass phase. 
On the other hand, subcritical crack growth in Al2O3 single crystals involves a 
slightly different process than that described above for silicate glasses.13 Experi-
mentally, the subcritical crack growth curves obtained for Al2O3 with water, 
ammonia, and pyridine have different slopes. Al–O bonds can be broken relatively 
easily by adsorbing molecules of these reagents even when the Al–O bonds are 
unstrained. Apparently it is the mechanical response of the activated complex, 
including the adsorbed molecule, that determines the kinetics of bond breakage. 
The character of that activated complex depends on the specifi cs of the adsorbed 
molecule; therefore, the K1 dependence—the slope of the log V versus K1 plots—
varies with the reagent.

9.3 Generation of Fracture Surface Features

The fracture surface features used in failure analysis are all a consequence of the 
interaction of the advancing crack with the microstructure of the material, with the 
applied stress fi elds, and with stress pulses produced by the advancing crack and 
refl ected back to it. The fracture surface contains a detailed record of those interac-
tions. The interpretation of those features requires an understanding of the interac-
tions. An excellent description of how those features are used to deduce the failure 
event is presented in Reference 14.

Features Produced by Crack Interactions

One of the major factors in the generation of fracture surface features as well as 
in determining the macroscopic trajectory of a crack through a body is that, in an 
isotropic body, the crack will grow so that the fracture surface is perpendicular to 
the direction of the maximum tensile stress at the crack tip. For a uniform stress 
in a homogeneous, isotropic brittle material, the result, at low crack velocities, is a 
smooth, mirror fracture surface. However, in a varying stress fi eld, the growing crack 
responds to a change in the direction of the applied stress by changing its direction 
of growth.

An example of the response of a crack to a changing stress fi eld is shown sche-
matically in Figure 9.2. In this example, the crack is moving from left to right with 
the crack plane perpendicular to the plane of the fi gure. Initially, the crack is driven 
by a constant stress (σy ) in the y-direction. However, during its transit from Point 
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A to Point B, it encounters a sinusoidally varying tensile stress (σx) in the x-direction. 
Figure 9.2a shows how the x-stress varies during that transit. The resultant stress, σR , 
changes direction as a consequence. Figure 9.2b shows the change in the trajectory 
of the crack as it responds to the change in direction of σR . The crack curves out of 
the initial crack plane, then back into that plane, leaving a smooth undulation on 
the fracture surface.

This type of smooth undulating feature on the fracture surface is exemplifi ed in 
Wallner lines. In Figure 9.3, the Wallner lines are the curved features on the fracture 
surface. Wallner lines are often created by stress pulses generated as the crack inter-
acts with inclusions in the body or with surface imperfections. (Those stress pulses 
usually consist of a compression followed by a dilatation so that the general wave 
form approximates the σx stress in Figure 9.2a.)

Figure 9.4 shows schematically how the interaction of the stress pulse with the 
crack front produces Wallner lines. In this instance, the crack is moving away from 
the origin at a constant velocity of 0.5 the speed of sound in the material so that the 
crack front at any instant is circular in shape. The pulse is generated at Point P and 
moves at the speed of sound, that is, twice the velocity of the crack. At the instant 
the pulse is generated, the crack front lies on the dashed line extending from Point P. 
By the time the crack moves out a distance r, the stress pulse will have moved a 
distance 2r. The locus of intersection of the moving stress pulse and the propagating 
crack will, therefore, be the heavy line passing through P and P ʹ.

The example is for a rapidly moving crack. For a slow moving crack—one mov-
ing at only a small fraction of the velocity of sound in the material—the Wallner 
lines correspond well with the position of the crack front at the moment the stress 

Figure 9.2 Schematic of Wallner line formation. A sinusoidally varying stress in 
the x-direction (part a) is superimposed on a constant stress in the 
y-direction. Prior to that, the crack (moving from left to right) was 
planar (and perpendicular to the plane of the figure).
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pulse was created. In a uniform stress fi eld, the crack front is concave toward the 
fracture origin. Consequently, in that instance, Wallner lines will be concave toward 
the origin of fracture and can be used to locate the origin. However, in a nonuniform 
stress fi eld in which the velocity of the crack varies with position, the Wallner lines 
could even be convex toward the origin and mislead the observer.

In some instances, a crack will stop growing and will then be restarted under a dif-
ferent stress system. The result is an abrupt change in direction of crack growth that 
produces a feature like the Wallner line. This feature is termed an arrest line.

Another very common feature on fracture surfaces is twist hackle. In Figure 9.3, 
the twist hackle features are the nearly straight-line features lying roughly perpen-
dicular to the curved Wallner lines. Like Wallner lines, twist hackle is produced by a 
change in orientation of the stress. However, unlike the situation depicted in Figure 
9.2, the change that produces hackle is a rotation of the stress vector about an axis 
lying along the direction of propagation of the crack. In Figure 9.2, that would 
be equivalent to adding a component of stress in the z-direction to the one in the 
y-direction. Torsional loading of a rod produces this type of stress generation but it is 
common in many other loading situations.

The fi nal result of a rotation of the stress vector will be a rotation of the frac-
ture surface so that it remains perpendicular to the new stress direction. However, 
for a rapidly varying stress, the crack does not change direction smoothly as a unit 
to produce a ribbon-like surface. Instead, as illustrated in Figure 9.5, the crack 
advances in segments, each perpendicular to the new stress direction but separated 
from other segments by an initially unfractured ligament. At this point, the fracture 

Figure 9.3 Fracture surface in glass showing Wallner lines (curved features) 
and twist hackle (linear features perpendicular to the Wallner lines). 
The fracture origin (not shown) was in the upper left corner of the 
figure.
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surface would have had the appearance of a venetian blind. The fi nal step in the 
fracture process is lateral growth of the fracture segments to produce an intersec-
tion with the adjacent segments. It is these lateral growths that constitute the visible 
features called hackle. The density of hackle features increases with the magnitude of 
the rotation of the stress.

Hackle is very useful in fracture analysis because it is always oriented parallel to 
the direction of crack propagation (perpendicular to the crack front). Moreover, fi ne 
hackle features tend to coalesce into coarser features and then eventually disappear 
as the fracture segments converge into a common plane. That coalescence gives an 
array of hackle features the appearance of tributaries fl owing into a river. Because of 
this appearance, hackle is often referred to as river lines. As the analogy implies, the 
direction of crack propagation corresponds to the direction of fl ow of the river.

Hackle features are also generated by the interaction of the crack front with pores 
and inclusions in the material. The features are produced when the crack interacts 

Figure 9.4 Schematic of Wallner line formation. A crack moving out from the 
origin at constant velocity initiates a stress pulse at Point P. That 
stress pulse, traveling at twice the velocity of the crack, interacts 
with the crack front along the path P–Pʹ, creating the Wallner line.

Figure 9.5 Schematic of twist hackle formation. (a) 
The fracture surface is generated by a crack 
moving from left to right. (b) Cross sections 
through the fracture surface are generated 
along the lines indicated. A change in stress 
orientation, when the crack front is at CC ʹ, 
produces noncoplanar crack growth in seg-
ments. Initially, those segments are uncon-
nected. Subsequent lateral growth (the 
curved features in (b) produces intersection 
of those segments.
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with the stress fi eld surrounding the pore or inclusion so that the crack splits into 
two noncoplanar segments. The stress fi eld is created either because of the difference 
in elastic modulus of the inclusion relative to the bulk material or by residual stress 
generated by differential contraction of the particle and the matrix. The intersection 
of the two noncoplanar segments on the opposite side of the inclusion produces the 
feature known as wake hackle. An example of wake hackle on a glass fracture surface 
is shown in Figure 9.6. The larger circular feature is a void (bubble), and the smaller 
features to the right are crystalline inclusions.

Mist and Velocity Hackle

The features described above can be generated by either a slowly or a rapidly mov-
ing crack. There is, however, a class of features called mist and velocity hackle that 
are produced only when the crack velocity approaches that of acoustic waves in the 
material. Figure 9.7 is a micrograph of a fracture surface in glass with examples of 
mist and velocity hackle. This fracture initiated at the point marked “O” and grew 

Figure 9.6 Micrograph of wake hackle in glass fracture. The upper, large circular 
feature is a spherical pore. The lower two features are crystalline in-
clusions. The wake hackle, extending diagonally from those features, 
shows that the crack moved from upper left to lower right.

Figure 9.7 Micrograph of fracture surface in glass showing the mirror region 
surrounded by mist and hackle. The location of the fracture origin is 
marked “O” and the boundaries of the mist and hackle regions are 
indicated, respectively, by Rm and Rh.
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initially with a very smooth surface, the so-called “mirror” region. The interior 
boundary of the mist region is at Rm  and the interior boundary of the hackle region 
at Rh.

One of the factors that contribute to the generation of mist and hackle has to 
do with the rate of release of strain energy as the crack propagates. As noted earlier, 
when the stress intensity is K1c, the strain energy released when a bond breaks and 
the neighboring bonds relax is just equal to the energy necessary to break the bond. 
For K1 > K1c, the neighbor bonds are strained to a higher level so that more energy is 
released as they relax. That extra energy is available to accelerate the crack to higher 
velocity. Figure 9.8 shows, schematically, that the velocity of propagation of the crack 
increases rapidly for K1 values above K1c . Ultimately the crack velocity is limited to 
about 0.6 of the sonic shear velocity.

The extra energy released from the strained bonds is also available to produce the 
additional fracture surface associated with the mist and velocity fractures. However, 
there is a second factor that leads to instability at the crack front that initiates the 
formation of those features. That factor is the change in the stress distribution near 
the crack tip as the crack velocity approaches the sonic velocity. Earlier, it was noted 
that, in the Irwin analysis, the maximum stress at the crack tip is perpendicular 
to the crack plane so that there is an inherent stability in crack growth. Unless the 
direction of the applied stress changes, the crack continues to run in a single plane. 
That situation applies to relatively slow moving cracks. For a rapidly moving crack, 
Yoffe15 showed that the maximum tensile stress is no longer directly in front of the 
crack tip and oriented perpendicular to the crack plane. Instead, that maximum is at 
an angle to the crack plane, and that angle increases with velocity. As a consequence, 
the rapidly moving crack has a tendency to veer out of the primary plane.

As indicated in Figure 9.8, mist, hackle, and, fi nally, branching occur at succes-
sively higher values of K1 (and higher velocity). In the usual case of a constant or 

Figure 9.8 Schematic showing dependence of crack velocity, V, on stress 
intensity, K.
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slowly varying applied stress fi eld in which K1 increases as the crack length increases, 
that sequence provides a valuable clue to the direction of crack propagation.

Experimentally, it has been observed that, for a crack that grows in a uniform 
stress fi eld, the boundaries of the mist and hackle regions are semicircular. Further-
more, if the origin is a well-defi ned semicircular fl aw, the radii of those boundaries 
bear fi xed relationships to the radius of the fl aw.16 Equivalently, the applied stress at 
failure and the boundary radius are related by equations with the form

where Ai  is a constant (for a given material) corresponding to a given boundary and 
Ri is the radius of that boundary. These equations have the same form as the Griffi th 
equation and imply that, at a particular value of K1, mist begins to form and, at 
other particular values of K1, hackle and branching occur. For hackle and branching, 
this seems to be true. The hackle boundary appears to be discrete and to refl ect the 
onset of a new process for fracture surface alteration. Similarly, branching occurs 
at a particular value of K1 indicating some special condition at the crack front. In 
contrast, although optical observations would suggest a discrete onset for mist forma-
tion, examination with the scanning electron microscope reveals mist-like features 
well within the mirror region. The features are simply smaller than those found at the 
mirror boundary. Apparently, mist-like features are already forming at much smaller 
values of K1 than that corresponding to the mist boundary and grow in size as K1 
increases. The mirror/mist boundary simply corresponds to the point at which they 
have grown large enough to scatter visible light so that they can be observed in the 
optical microscope.

There is no consistent explanation for the generation of these features at particular 
values of K1. Nevertheless, the fact that a value of K1 can be inferred from a measure-
ment of Ri is useful in analyzing failure. Mecholsky and Freiman16 have shown how 
to use these features to quantify the stress state in the part, including localized resid-
ual stresses, to determine whether subcritical crack growth occurred, and to quantify 
the severity of the fl aw.

The examples of fracture surface features shown in the micrographs above are all 
of glass fractures. These examples were used because the features in isotropic, homo-
geneous materials such as glass are easier to see than those in polycrystalline ceramics. 
In polycrystalline anisotropic materials in which substantial residual stresses can be 
generated by differential contraction of grains, the direction of crack growth may 
be strongly infl uenced by those residual stresses. Even when the crystal structure of 
the ceramic is cubic so that no residual stresses are generated at grain boundaries, 
variability of resistance to crack growth on different crystallographic planes within 
the crystal or differences in K1c on the grain boundary and within the grain affect the 
direction of crack growth. As a consequence, in a polycrystalline ceramic, the more 
subtle features such as Wallner lines may not be visible.
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In spite of the interference by internal residual stresses and crystalline anisotropy, 
the features described above can often be found on crack surfaces in polycrystal-
line and single-crystal ceramics. For very fi ne-grained ceramics, where grain size is 
smaller than the wavelength of visible light, the additional perturbations produced 
by grain boundary interactions may not even be visible in optical examination and 
the fracture surface will resemble that in glass. An excellent collection of micrographs 
of fracture surfaces in ceramics is given in Reference 17.

9.4 Procedures and Equipment Used in Fractography

From the preceding description of how fracture surface features are formed, it should 
be apparent that the presence and orientation of those features on a fracture surface 
can be used to infer crack direction, crack velocity, and other details of the fracture 
event at the moment the features were created. With that kind of information avail-
able, one can deduce a complete history of the failure process, including magnitude 
and direction of local stresses. In fact, the wealth of information available on the 
fracture surface makes fractographic examination a very powerful tool in determin-
ing how failure occurred.

Most of the procedures and equipment used in fractography have been developed 
to obtain the maximum amount of information from the fracture surface. Much of 
the examination is optical and begins with low-power observation of macroscopic 
features such as the general fracture pattern, including intersections and branching 
of cracks. It is often useful in macroscopic examination to reassemble fragments so 
that the fracture pattern can be discerned; however, it is essential that the fracture 
surfaces are not obscured by damage introduced during this reassembly. Macro-
scopic examination is also useful in determining how other elements of an assem-
bly contributed to the failure of the ceramic or glass part. Often, this preliminary 
examination at low-power magnifi cation will lead the observer to the general area 
where failure initiated, so that only a small area of the fracture surface needs to be 
examined in detail.

One of the keys to successful optical examination at any level of magnifi cation is 
lighting the surface so that the fracture surface details are easily visible. At lowpower 
magnifi cation, the best lighting is usually obtained with oblique illumination from a 
diffuse source. Shadows highlight hackle and other features. At higher magnifi cation, 
in a metallurgical microscope, dark fi eld illumination is useful for highlighting these 
same features. More subtle features, such as faint Wallner lines, can be enhanced by 
using interference microscopy.

Often, the problem in optical examination of polycrystalline ceramics such as 
alumina is that light refl ected from interior grain surfaces can interfere with obser-
vation of fracture surface features. One can suppress these internal refl ections by 
coating the fracture surface with carbon or other opaque material. Alternatively, the 
surface can be replicated and analysis conducted on the replica. Replicas using a 
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transparent material such as silicone rubber have the additional advantage of permit-
ting examination with transmitted light so that additional contrast can be obtained. 
Replicas are also usually easier to archive than the fractured part itself and, for a large 
part or a fracture surface which is curved or very irregular macroscopically, may pro-
vide the only means for examining the surface at high magnifi cation.

Because of its large depth of fi eld and high magnifi cation, the scanning electron 
microscope (SEM) is a powerful tool for obtaining detailed information about the 
fracture origin, particularly for rough fracture surfaces such as those in a polycrystal-
line ceramic. Chemical inhomogeneities in the vicinity of the site, including those 
associated with different phases as well as impurities or inclusions, can be detected 
through compositional backscattered electron imaging or using X-ray fl uorescent 
spectrometry in the SEM.

9.5 Applications of Fractography

Failure Analysis Using Fractography

From the preceding discussion, it should be obvious that ceramic failure in any prac-
tical application implies the existence of a fl aw that degrades the strength below the 
theoretical value and a stress suffi ciently high to propagate that fl aw. The intent of 
the failure analysis is, usually, to determine the nature of the fl aw and, if possible, to 
ascertain how it was introduced. It is also desirable to determine the magnitude of 
the stress and how the stress was generated.

The fracture surface features described previously permit subtle details of the frac-
ture process to be inferred. However, failure analysis usually requires the integration 
of information from many sources, including interviews with those who observed 
the failure. The examination of the failed part usually begins at a low level of mag-
nifi cation where the general trajectories of the cracks can be followed. Those tra-
jectories not only lead the analyst to the origin of the fracture, but they can also 
provide detailed information about the nature of the stress distribution in the part at 
the moment of failure. For example, it is possible to determine in this examination 
whether failure of a bottle of carbonated beverage occurred from internal pressure or 
from impact with another bottle. For a complex fracture that fragments the ceramic, 
it may be useful to reconstruct the part to aid in this examination.

The Use of Fractography in Design Development

In this section, the use of fractographic analysis in the development of component 
design and assembly processing is illustrated with an example. The example is a 
metal/ceramic assembly, shown in Figure 9.9, in which a manganese zinc ceramic 
ferrite element was metallized, then solder-bonded into a stainless-steel header. The 
header was then welded into a housing and the entire assembly was machined in a 
surface grinder to bring the ferrite fl ush with the header and the face of the housing.

In the fabrication of prototypes of this assembly, cracks were discovered in the 
ferrite part after welding and additional cracking was observed after the grinding 
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was completed. The appearance of cracks at this stage of processing led the design 
engineers to assume that welding created stresses that cracked the ferrite and that 
grinding extended the cracks or, perhaps, simply rendered them visible. On that 
assumption, an intensive study of six months’ duration was undertaken to try to 
improve the welding and grinding processes. That assumption was incorrect and the 
effort produced essentially no improvement in the cracking problem. The answer to 
the problem came from a subsequent, careful fractographic examination.

Figure 9.10 is a set of micrographs of one of the cracked parts with a sketch (in 
Figure 9.10a) showing dotted lines where the cracks intersected the machined sur-
faces of the ferrite element. Only the smaller diameter cylindrical surface of the part 
was soldered to the header (after that surface had been metallized by sputter coat-
ing). During grinding of the assembly, only the top surface of the ferrite part (Figure 
9.10b) was accessible for optical examination.

The fi rst step in any fractographic examination is to look at the intersections 
of multiple cracks. In this example, that preliminary examination was fruitful. The 
intersections on the fl at T-shaped surface (sketched in Figure 9.10a) showed that 
there were two sets of cracks. One of these was approximately in the diametral plane 
bisecting the T and the other orthogonal to that and running along the plane that 
separated the large-diameter section of the part from the small-diameter section. On 
closer examination, as sketched in Figure 9.10a, it was observed that the cracking 
in the diametral plane was actually made up of two segments which were not quite 
coplanar. The conclusion from that observation was that the crack pattern on the 
T-shaped surface could only have been created if the crack segments in the diametral 
plane were formed after the crack in the orthogonal plane was formed.

When the part was removed from the header assembly, it separated into three 
fragments (marked B, C, and D in Figure 9.10a) along the fracture surfaces that 
had existed prior to disassembly. Two of those fracture surfaces are shown in Figures 
9.10c and 9.10d. (Actually, these are silicone rubber replicas of the original fracture 
surfaces. The two fringed areas at the top and the right side of Figure 9.10d are areas 
where the rubber was trimmed away. Only the portion of the micrograph within the 
straight edges shows the fracture surface of the ferrite part.)

Figure 9.9 Header assembly with ferrites 
solder bonded into stainless-
steel header.
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Figure 9.10d is the fracture surface in the diametral plane. The fl at T-shaped sur-
face of the part is at the bottom of the micrograph. The apparent offset in the bot-
tom portion of the micrograph is a consequence of the fact that the two portions 
of the fracture surface in this region are not coplanar and the view of that surface 
is at an angle to the T-surface. The dark vertical feature is a shadow produced by 
illuminating the surface at a slight angle away from normal to the surface. (As had 
been remarked in the previous section, oblique lighting is often used to enhance the 
fracture features.)

Most of the important aspects of this fracture can be inferred from the twist hackle 
features and the arrest lines on the surface of Figure 9.10d. The arrest lines are the 
dotted lines marked “A.” Some hackle features can be seen crossing the arrest lines 
approximately at right angles. As noted earlier, arrest lines delineate the position 
at which the crack stopped and then restarted under a different stress system. The 
implication from the multiplicity of arrest lines in Figure 9.10d is that crack growth 
occurred at several stages of processing.

The conclusion from examination of these features is that the fracture origi-
nated at the top of the micrograph and ran initially as indicated by the two curved 
arrows. It then stopped at the semicircular arc about 1.5 mm from the origin. In the 
next stage of fracture, the crack ran to the approximate center of the part and again 

Figure 9.10 Fracture of a ferrite part: (a) trajectories of the cracks along the sur-
face of the part, (b) the part in the assembly with the visible cracks, 
and (c) and (d ) fracture surfaces.

imo-loehman-type-09.indd   184imo-loehman-type-09.indd   184 2/15/10   4:42 PM2/15/10   4:42 PM



9.5 APPLICATIONS OF FRACTOGRAPHY  185

stopped. In the fi nal stages of fracture, the crack split. In the portion to the left of 
center in the micrograph, the hackle lines running diagonally indicate that the crack 
ran initially along the left edge of the fracture surface then toward the right and 
stopped at the vertical feature. The portion to the right of center propagated in two 
stages. In the fi rst stage, it ran to the curved feature (another arrest line) approxi-
mately 1.5 mm from the T-surface then, fi nally, to the T-surface.

Part of the fracture surface that was orthogonal to the diametral plane in the 
sketch is shown in Figure 9.10c. In the sketch in Figure 9.10a, it is the fracture sur-
face that runs from the intersection of the segment of the ferrite marked “C” and that 
marked “B” to the intersection of segments “C” and “D.” (In Figure 9.10b, it is the 
fracture surface exposed by removing the segment of the large diameter section to the 
left of the crack from the rest of the part.)

Examination showed that the fracture in Figure 9.10c started at multiple origins 
along the circular edge. The curved arrows in the fi gure were placed so that their 
bases were located at some of those origins. The hackle lines that extend from the 
edge of the fracture surface are intersections of the various fracture surfaces that initi-
ated at those different origins. Those hackle lines terminate where the multiple cracks 
coalesced into a single smooth crack. An arrest line (marked “A”) shows where the 
crack stopped. A second growth step completed the fracture.

When the two fracture surfaces are compared, it becomes apparent that the arrest 
line running horizontally across the center of Figure 9.10d crossed the fracture sur-
face in Figure 9.10c at the point at which the circular arrest line meets the diagonal 
edge. The two cracks started at opposite sides of the part in nearly orthogonal planes 
and stopped when they intersected.

The interpretation of these observations provides insight into how processing of 
the ferrite might have created the cracks. First, the fact that the fracture surface in 
Figure 9.10c had started at multiple origins at the ground surface of the part, then 
coalesced into a smooth surface and then stopped before fracture was completed is 
strong evidence that the stress that initially drove the crack was very high at the sur-
face of the part but decreased rapidly away from the surface. It is precisely the type 
of stress fi eld produced by thermal down-shock, in which a hot part is quenched in a 
cold fl uid. The fact that the initial fracture planes were perpendicular to the surfaces 
of the part is consistent with thermal shock of the isolated part, that is, without the 
constraint of adjacent structures. Therefore, the thermal shock probably occurred 
before the ferrite part was soldered into the header. The fact that those fractures initi-
ate in diametral planes as well as in planes orthogonal to those is also consistent with 
the stress system generated by quenching a part.

The development of the fracture surface can be understood in terms of the pro-
cessing sequence that the ferrite part saw. The scenario that was developed begins 
with an initial down-shock in which the hot ferrite was dropped into a cold liq-
uid. Probably, the crack in the diametral plane extended only to the fi rst arrest 
line in that down-shock, but the crack in the orthogonal plane may have run all 
the way to the circular arrest line. The next step in the growth of the cracks may 
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have occurred on cooling after the ferrite was soldered into the header. Tensile stress 
would have been generated in the radial and circumferential directions in the ferrite 
because of the differential contraction relative to the header. Those stresses would 
have propagated the diametral crack, but not the orthogonal one. Some information 
about the sequence of fracture was obtained when it was noted that there was solder 
fl ux on the upper area of the surface in Figure 9.10d and on all of the surface up to 
the circular arrest line in Figure 9.10c. Since the part saw no heating after the solder-
ing operation that would have melted the fl ux, it seems safe to conclude that the por-
tions of the fractures in the lower half of Figure 9.10d and within the shiny circular 
zone of Figure 9.10c were produced after the soldering operation.

Stress analysis showed that additional tensile stress in the radial and circumferen-
tial directions was generated in the ferrite during welding. That probably extended 
the crack on the left side of Figure 9.10c to the T-surface and on the right side to 
the lower arrest line. The constraint of the header on the ferrite part prevented the 
crack on the right side from extending to the machined surface of the part. That last 
portion of the fracture surface was produced in removing the ferrite from the header 
during disassembly.

With this information, it was clear that the welding and subsequent grinding 
operations were not the primary cause of the cracking and that the probable cause 
was an earlier process step that would have resulted in down-quenching of the part. 
That step was identifi ed and modifi ed to prevent the down-shock. Also, examina-
tion of the fracture origins at high magnifi cation showed that they were very severe 
fl aws and had been introduced by machining. To increase the strength of the ferrite, 
investigators recommended altering the machining process to increase the radius at 
the junction between the large and small radius portions of the part and to reduce 
the size of the fl aws.

Fractography in Materials Development

One of the keys to optimizing the strength in a ceramic material is to understand 
how the failures are being produced. To a large extent, this means knowing what 
the strength-limiting fl aws are. Are they, for example, fl aws introduced in machin-
ing of the part and therefore amenable to removal by modifying the machining 
operation, or are they inherent in the material? If they are inherent in the material, 
can they be removed or at least modifi ed by changing the processes used in synthe-
sizing the material?

Understanding how failures are produced also requires knowledge of the true state 
of stress at the fl aw. In a bend specimen, for example, where was the fl aw located rela-
tive to the neutral plane? Was there any prestressing of the fl aw because of residual 
thermal stresses or because of anisotropy of the material system?

These are the kinds of questions that can be answered through fractographic 
analyis. Not only does the analysis permit the location of the critical fl aw, but it 
permits a description of the severity of the fl aw in terms of a penny-shaped fl aw of 
equivalent size. Furthermore, as noted above, an examination of the shape of the 
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mirror and mist boundaries permits the detection and quantifi cation of internal 
stresses.

As noted earlier, the characterization of the mechanical behavior of a ceramic 
requires measurement of the failure stresses for a number of nominally identical 
samples and a statistical treatment of the resultant data. Quinn et al.18 argued that 
fractography is an absolutely essential part of any mechanical characterization of a 
ceramic. In particular, they recommend that Weibull plots or any other graphical 
presentation of collections of data include information on the type of defect respon-
sible for every failure. They further recommend that, in any archiving of ceramic 
mechanical strength data, micrographs of the failure surfaces be included as an inte-
gral part of the archived data.

Quinn et al. also point out that fractographic analysis is highly interpretive and 
requires considerable judgment. In Reference 15, they propose a standard procedure 
for optimizing the use of fractography as an adjunct to mechanical testing.

Fractography in Materials Research

The manner in which the crack interacts with the microstructure of a ceramic can 
affect both the fracture toughness and the strength. In composite ceramics such 
as those with SiC fi bers in an Al2O3 matrix, for example, the highest toughness is 
obtained when the bond between the fi bers and the matrix is weak enough that the 
fi bers pull out of the matrix rather than fail when the crack front intersects them. It 
should be obvious that examination of the fracture surface can provide information 
on the failure mode and, thus, aid in the optimization of the toughness.

Even for single-phase polycrystalline ceramics or two-phase ceramics where the 
second phase is a thin grain boundary layer separating the grains of the primary 
phase, details of the path of the fracture determine how tough and strong the ceramic 
will be. Often, the part of the microstructure most vulnerable to subcritical crack 
growth is the grain boundary phase. It is, therefore, invaluable in developing a mate-
rial for optimum behavior to examine the fracture surface to determine whether the 
fracture path was through the grains or along the grain boundaries.

Examination of the fracture surface can also yield essential information in the study 
of the fundamentals of brittle fracture. As an example, it had been observed that the 
fracture of alumina and some other ceramic materials displayed R-curve behavior; 
that is, the effective fracture toughness increased as the crack length increased.19 The 
explanation for this increase was obtained through a detailed examination of crack 
propagation through the ceramic and the observation that crack interface bridging 
was occurring.20 The bridges effectively supported part of the applied stress and 
reduced the stress intensity at the crack tip.
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10.1 Introduction

Ceramic composites can be defi ned as materials in which one or more ceramic mate-
rials are deliberately added to another, in order to enhance or provide some property 
not possessed by the original materials. Although studies of ceramic composites for 
structural applications dominate the literature, composites for electronic and optical 
applications are also of interest. For example, electroceramic composites are being 
developed as smart materials.1

Ceramic composites include particulate-, whisker-, and fi ber-reinforced ceramic 
and glass matrices. Particulate-reinforced ceramic composites include polycrystal-
line or glass matrices with particles such as zirconia and silicon carbide. In some 
cases the glass matrix is crystallized to produce a ceramic particulate-reinforced 
glass–ceramic composite. This approach overcomes some of the problems associ-
ated with consolidating dissimilar materials, because the materials are mixed when 
the matrix is a glass and easy to form. Whisker-reinforced ceramic composites usu-
ally consist of a polycrystalline or glass matrix to which single-crystal whiskers have 
been added. Whiskers have also been grown in situ in materials such as Si3N4. 
Fiber-reinforced ceramic composites consist of a polycrystalline or glass matrix 
with single-crystal, polycrystalline, or glass fi bers. Fibers with a wide range of com-
positions and properties are available, but the most commonly used are carbon, 
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graphite, and SiC. Ceramic composites also include composites formed by mixing 
ceramics and metals, and ceramics and polymers.

Each of these combinations of materials can be considered composites on a 
microscale. Ceramic composites, which can be considered composites on a mac-
roscopic scale, include laminated structures and composites that have been termed 
functionally gradient materials (FGMs). FGMs, which are designed to have smooth 
gradients in composition, have been fabricated by vapor deposition, plasma sput-
tering, and electrodeposition techniques. Lamination techniques are used for FGM 
applications in which more abrupt compositional changes are acceptable.

Although ceramic materials are often classifi ed as either single-phase or composite, 
it is diffi cult to identify a ceramic that is not a composite on some scale. For example, 
many polycrystalline single-phase ceramics are made up of grains (small single crys-
tals) of one composition and phase surrounded by an amorphous grain boundary of 
a different composition. The properties of the grain boundary can differ signifi cantly 
from the properties of the grains, producing a material that has properties inter-
mediate between the two compositions or completely different from either. Nickle 
zinc ferrites (Ni0.4Zn0.6Fe2O4), in which conducting grains are surrounded by grain 
boundaries of lower conductivity, are a classic example of this type of composite.2

In most applications of composites, interfacial properties are critical to the per-
formance. For example, consider fi ber-reinforced composites. If there is a reaction 
between the matrix and the fi ber, the two materials are generally strongly bonded 
to each other. This produces a ceramic composite with a low toughness because, 
when the fi bers remain fi rmly bonded to the matrix, no energy is consumed in pull-
ing the fi bers out of the matrix as a crack propagates. Under these conditions, the 
mechanical behavior of the composite is similar to that of the unreinforced matrix. 
Its stress-strain behavior is linearly elastic until the point of failure, that is, failure is 
catastrophic, as shown in Figure 10.1 for monolithic zircon.3 On the other hand, if 
the fi bers have a nonreactive coating, such as carbon or boron nitride, there is little 
or no bonding at the interface. As a crack propagates through the stressed material, 
energy is consumed as fi bers pull or slide out of the matrix. The stress-strain curve 
for this type of composite, also shown in Figure 10.1 for composites containing 
both coated and uncoated SiC fi bers, demonstrates that composite failure occurs 
noncatastrophically.

Although interfaces usually constitute a small fraction of the total volume of a 
composite, the effects of their properties on the bulk properties are large because 
of the large surface area of the interfaces. The properties of the interface depend 
on whether or not there has been a reaction at the interface, the type of bonding at 
the interface, and on the nature (crystalline or amorphous) and morphology of the 
interface material. The consequences of having a smooth versus a rough interface 
are far more important in structural applications where one phase, such as a fi ber, 
must be able to slide out of the matrix to some extent, in order to achieve optimum 
mechanical behavior.
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The properties of the original constituents of a composite are often well known or 
easily measured; however, the properties of the interface are not. Some of the diffi cul-
ties with obtaining interfacial properties arise because interfacial reactions often pro-
duce phases which do not exist in bulk. Because of the diffi culty of obtaining interfa-
cial properties, they are frequently inferred from correlations between bulk properties 
and information about the interfaces determined using surface and interfacial char-
acterization techniques. The information usually sought is whether or not there has 
been mass transport across the interface and what reactions have occurred between 
the constituents. The surface and interfacial microcharacterization techniques which 
are most commonly used for obtaining the above information are described in the 
lead volume of this series, Encyclopedia of Materials Characterization.

The remainder of this chapter contains brief descriptions of some of the bulk 
properties of interest for ceramic composite applications and examples of how infor-
mation obtained from surface and interfacial characterization techniques has been 
used to attempt to understand bulk behavior. Sometimes, in spite of differences in 
interfacial structure, no difference in the measured bulk behavior is observed.

10.2 Mechanical Properties of Ceramic Composites

R-Curve Behavior

A material is said to exhibit R-curve behavior if its resistance to crack propagation 
increases with increasing crack length. R-curve behavior is important in terms of 
the mechanical performance because it imparts a degree of fl aw tolerance to the 
material. That is, the strength of a material becomes insensitive to the fl aw size. 
This characteristic is demonstrated in Figure 10.2,4 which shows the strength of two 

Figure 10.1 Stress–strain curves for an unreinforced zircon, a SiC fiber-reinforced 
zircon composite in which there is strong interfacial bonding (Inter-
face-A), and for a SiC fiber-reinforced composite in which there is 
weaker interfacial bonding (Interface-B).3
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zirconia ceramics (toughened and overaged) that had deliberate fl aws introduced 
into the surface, as a function of the load used to generate the fl aw. The toughened 
material showed pronounced R-curve, whereas the overaged material exhibited a 
sharp decrease in strength as a function of the indentation load.

Example Ceramic composites of alumina and 28 vol % glass were studied by 
Padture et al.5 using transmission electron microscopy (TEM) to determine the 
effects of grain boundary crystallinity on R-curve behavior. Aluminas containing 
28 vol % glass were subjected to several heat treatments to crystallize the glassy grain 
boundary in an effort to enhance grain boundary stresses and R-curve behavior. 
These heat treatments infl uenced both the grain boundary composition and the 
phases that were present. TEM was used to identify whether the grain boundar-
ies were glassy or crystalline after the heat treatments. Figure 10.3 shows TEM 
micrographs of aluminas containing glass and crystalline grain boundaries. Further 
analyses of the materials containing glassy grain boundaries were conducted using 
energy-dispersive spectroscopy (EDS) to determine the glass composition. By com-
paring the compositions obtained from different regions of the same sample, Pad-
ture et al. also determined the uniformity of the glass composition throughout the 
body. In the aluminas heat-treated to produce a crystalline grain boundary phase, 
TEM identifi ed the crystalline phase as anorthite. In spite of differences in grain 
boundary composition and crystallinity, no differences in the R-curve behavior 
were observed.

Figure 10.2 Strength of indented ceramics versus indentation load. Note the lack 
of a dependence of strength on indentation load for the toughened 
ceramic.4
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Creep

Creep is the process or processes by which permanent deformation occurs, usually at 
elevated temperatures. Elevated in the context of ceramics usually means temperatures 
exceeding half the melting point. For a given material, creep is a function of stress, 
time, and temperature; it occurs by diffusion, dislocation motion, grain boundary 
sliding, or softening of grain boundary phases. The presence of second phases can 
have a signifi cant effect, either positive or negative, on the rate at which a material 
creeps. Many ceramic composites which contain glass have poor creep resistance 
because glass enhances grain boundary sliding. Many whisker-reinforced ceramic 
composites exhibit improved mechanical properties at low temperatures, and stud-
ies are being conducted to determine if creep resistance is also improved. Although 
there is much speculation as to what mechanisms are responsible for improved creep 
resistance in reinforced ceramic composites, electron microscopy can often provide 
defi nitive proof. For example, scanning electron microscopy (SEM) can reveal grain-
boundary offsets and grain rotations, which are both indicative of grain boundary 
sliding. Another creep mechanism is intergranular cavity formation, leading to cav-
ity coalescence to form microcracks. This mechanism is also easily identifi ed with 
electron microscopy.

Example 1 Swan and O’Meara6 compared the creep for Si3N4 with and without 
SiC whisker reinforcements. Creep mechanisms, phase content, whisker distribu-
tion, grain boundary crystallinity, and oxidation behavior were studied using TEM 
and X-ray diffraction (XRD). Figure 10.4 shows a TEM micrograph of an oxide scale 
on a whisker. The oxide scale contained Si2N2O and other crystalline phases in an 
amorphous layer. No improvement was found for the creep behavior of the compos-
ite over the unreinforced Si3N4.

Figure 10.3 TEM micrographs of aluminas (A) containing (a) glass (G) and (b) crys-
talline grain boundaries (C).5
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Example 2 A study by Lin and Becher7 included an evaluation of the effects 
of whiskers on the creep resistance of alumina–SiC–whisker composites. Whisker 
additions up to 20 vol % improved the creep resistance relative to alumina alone, 
but higher whisker loadings degraded the creep resistance. The creep rates of the 
higher whisker-loaded composites were one to two orders of magnitude higher than 
those for the 10 and 20 vol % composites. TEM observations showed that com-
posites with higher whisker loadings (30 and 50 vol %) exhibited cavity number 
densities a factor of two higher than the 20 vol % composites. The TEM micro-
graph in Figure 10.5 shows a number of cavitation sites in a 20 vol % composite. 
The whiskers may have introduced additional cavity nucleation sites, and if so, the 

Figure 10.4 TEM micrograph showing oxide scale on whisker-reinforced Si3N4. 
The oxide scale contains Si2N2O (S) and other crystalline phases in an 
amorphous layer (A).6

Figure 10.5 TEM micrograph of creep cavitation sites in the 20 vol % SiC whisker-
reinforced composite.7
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increased creep deformation is likely to be directly related to the increased creep 
cavitation. Higher creep rates were also associated with increased oxidation rates in 
the composites containing higher whisker loadings. TEM also revealed the presence 
of greater amounts of intergranular glass phases in the composites showing enhanced 
oxidation. The presence of the glass appears to further degrade the creep resistance 
of the composite. SEM was used to determine the thickness of the oxidized layers 
shown in Figure 10.6.

Fracture Toughness

The fracture toughness of a material defi nes its resistance to crack propagation. 
Most ceramics have low fracture toughness values compared with other materials, 

Figure 10.6 SEM micrographs used to measure oxidized layer thickness: (a) 20% 
SiCW and (b) 30% SiCW.7

Material Fracture Toughness, MPam1/2

Ice  0.2

Pyrex glass  0.75

Common woods parallel to grains  0.5–1

Nylon  3

Alumina  2.7–4.2

Silicon Nitride  4–6

Partially stabilized ZrO2  8–9

SiC whisker/Al2O3 matrix composites  9–10

Common woods perpendicular to grains  11–13

Cast iron  6–20

7075 T6 Al  32

4340 steel (tool steel)  46

High-strength steel  120–153

Table 10.1 Fracture toughness values for common materials.
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as given in Table 10.1. Ceramic composites often exhibit signifi cantly higher tough-
ness values than do monolithic ceramics. The fracture toughness of a composite 
ceramic is largely determined by the strength of the bonding between the reinforce-
ment phase (fi ber, whisker, or particle) and the matrix. Weak interfaces tend to give 

Figure 10.7 SEM micrographs highlighting the increased crack-whisker inter-
actions for the composite which contains silicon oxycarbide 
species (b).8

Whisker
Oxygen, 

wt%
Silicon, 

wt%
Carbon, 

wt%
Nitrogen, 

wt%
Calcium, 

wt%

As-received 33 31 36 0 0

Air heat treatment 34 37 29 0 0

4% H2 in N2 heat treatment 20 42 29 9 0

10% H2 in Ar heat treatment 27 33 34 5 2

Table 10.2 Estimated elemental compositions of Silar-SC-9 whisker surfaces 
from XPS analyses.
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the highest toughness values, and fracture surfaces which show fi bers or whiskers 
that pulled out of the matrix are usually observed in conjunction with high tough-
ness values. Interfacial strength is largely a function of the interfacial chemistry, 
and there are several microcharacterization techniques well-suited to identifying the 
reaction products.

Example 1 Homeny et al.8 evaluated the fracture toughness of SiC whisker-
reinforced (30 vol %) Al2O3 composites as a function of whisker surface chemistry, 
which was varied by heat-treating the composites in controlled atmospheres. X-ray 
photoelectron spectroscopy (XPS) was used to correlate the whisker surface chemis-
try with the fracture toughness. Table 10.2 gives the XPS estimated elemental com-
positions of the whisker surface as a function of treatment. Detailed spectra were ana-
lyzed to identify the specifi c chemical compounds present on the whisker surfaces. 
The highest toughness values were associated with the presence of silicon oxycarbide 
species, free carbon, hydrocarbon species, or a combination of these. Figures 10.7a 
and b are SEM micrographs that exemplify the difference in crack microstructure 
interactions in composites with different whisker chemistries.

Example 2 Rawlins et al.9 fabricated NICALON (Si-oxycarbide) fi ber-rein-
forced SiC composites using a chemical vapor infi ltration (CVI) process. SEM 
showed regions with good and poor fi ber pullout within the same sample, as 
shown in Figure 10.8. A thick fi lm was observed on the fi bers in the regions of 
good pullout as shown in Figure 10.9. No fi lm could be detected within the reso-
lution of the SEM on fi bers that exhibited poor pullout. Scanning Auger micros-
copy (SAM) and spectroscopy were used to determine that the fi bers were primar-
ily Si and C, whereas their surfaces were primarily Si and O (probably SiO2). A 
typical Auger electron spectroscopy profi le is shown in Figure 10.10. The left side 
of the profi le is the fi ber surface. To produce more reliable fi ber behavior, Rawlins 
et al. deliberately coated the fi bers by chemical vapor deposition techniques prior to 

Figure 10.8 SEM micrograph showing re-
gions of good fiber pullout 
and no fiber pullout within 
the same specimen.9

Figure 10.9 SEM micrograph showing film
on fibers that pulled out easily.9
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198 CERAMIC COMPOSITES Chapter 10

chemical vapor infi ltration of the composite. Carbon and silicon coatings were tested. 
The carbon coating produced more uniform pullout in the composite as shown in 
Figure 10.11, where carbon-coated fi bers can be seen pulled out of the matrix. The 
silicon coating drastically reduced the extent of pullout in the composite.

Flaws

Flaws reduce the strength of composites because they amplify applied stresses to 
the degree that the intrinsic material strength is exceeded in the vicinity of the 
fl aw. Common fl aws include pores, cracks, delaminations, large grains, agglom-
erates, and inclusions. Because of the diffi culties of consolidating and densifying 
dissimilar materials, processing fl aws are often more numerous and more severe in 
composites than in monolithic ceramics. As composite processing becomes more 
sophisticated and fl aw sizes are reduced, it is becoming increasingly diffi cult to 
detect the fl aws that remain. Microcharacterization techniques, especially those that 
are nondestructive, are playing increasingly important roles in fi nding and char-
acterizing these fl aws. For further information, see Chapter 13, “Nondestructive 
Evaluation.”

Figure 10.10 Auger electron spectroscopy profile of a fiber which reveals that 
the fiber surface (left side) is primarily Si and O.9 (Sputter rate is 
about 10 nm/min.)

Figure 10.11 SEM micrograph of a carbon-coated fiber which has pulled out 
of the matrix.9 (f = fiber, m = matrix, and c = carbon coating.)

imo-loehman-type-10.indd   198imo-loehman-type-10.indd   198 2/15/10   4:50 PM2/15/10   4:50 PM



10.2 MECHANICAL PROPERTIES OF CERAMIC COMPOSITES  199

Example Stock et al.10 used microtomography to study the effect of vacuum 
degassing on porosity in silicon carbide fi ber-reinforced silicon nitride composites. 
Large pores (light contrast) and dense regions (dark contrast) are easily distinguished 
in the specimen that was not degassed, as shown in Figure 10.12. The 15-μm SiC 
fi bers cannot be resolved because the pixel size is only slightly larger than the fi ber 
diameter and because the X-ray absorptions of the fi bers and matrix are similar. 
Microtomography can also be used to follow damage accumulation and cracking 
during mechanical testing of this type of composite.

Fatigue Crack Propagation Resistance

Crack propagation often occurs when a material is cyclically stressed, even when 
the magnitudes of the cyclic stresses are lower than those required to propagate a 
crack under static loading. Crack propagation can occur both under tension–tension 
and tension–compression cyclic loading. Cyclic stresses can be induced by heating 
and cooling, vibrations, and structural loading and unloading. Fatigue behavior in 
ceramic composites appears to be sensitive to crack tip shielding effects due to trans-
formation zones or crack bridging in the wake of the crack tip. Thus, prior loading 
history infl uences subsequent crack propagation.

Example Tsai et al.11 investigated fatigue behavior in zirconia–alumina com-
posites after heat treatments designed to modify the zirconia transformation yield 
stresses. Raman spectroscopy was used to quantify the fractions of monoclinic 

Figure 10.12 Microtomography images of porosity (light contrast regions) in 
a Si3N4/SiC composite which was not degassed during fabrication. 
All images were obtained from adjacent volumes of material.10
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zirconia in the transformation zone at the crack tip. These fractions were used to 
calculate the magnitude of the crack tip shielding due to the transformation zone. 
Calculated crack tip shielding was slightly higher in the cyclically loaded specimens 
than in the statically loaded specimens. Raman spectroscopy also showed that the 
amount of monoclinic zirconia in the transformation zone decreased as a function of 
distance away from the crack plane. This fi nding suggests that the calculated abso-
lute values of shielding were overestimated. Raman measurements of the volume 
fraction of monoclinic zirconia in the transformation zone were also useful because 
they showed that reverse transformation due to load cycling did not play a role in the 
fatigue behavior of these composites.

Fracture Mode

Cracks propagate intergranularly (between grains), transgranularly (through grains), 
or with fractions of both fracture modes. The grain boundary toughness plays a 
large role in determining the fracture mode; however, the direction of crack propaga-
tion relative to the orientation of the grain boundary, the crack velocity, grain size, 
residual microstresses, and environmental factors also infl uence the fracture mode. 
Figure 10.13 shows a fracture surface of a Mn–Zn ferrite ceramic which exhibits 
both intergranular and transgranular fracture. Intergranular fracture often increases 
the degree of crack defl ection, which can result in higher toughness values. Grain 
boundary impurity segregation is often associated with intergranular failure, and 
microcharacterization techniques can be used to detect and identify impurities. (See 
Chapter 9, “Mechanical Properties and Fracture.”)

Example Powell-Dogan and Heuer12 studied the fracture mode and mechani-
cal properties of 96% pure alumina as a function of the grain boundary glass 
composition and crystallinity. Grain boundary crystallization was induced by 
annealing at 1100 °C for 100 h. TEM was used to identify six crystalline grain 
boundary phases, including anorthite, gehlenite, grossular garnet, spinel, calcium 
hexaluminate, and α-alumina. Residual glass was also observed after annealing. 

Figure 10.13 SEM micrograph of a fracture surface of a Mn–Zn ferrite exhibiting 
both intergranular and transgranular fracture.
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Because all of the observed second phases have higher or lower coeffi cients of thermal 
expansion than the α-Al2O3 (e.g., Δα = 7.6 × 10–6/°C for α-Al2O3 and gehlenite), 
residual stresses are produced in the second phases and the α-Al2O3. Strain contrast 
observed in the TEM confi rmed the presence of these stresses. SEM micrographs in 
Figures 10.14a and b show that fracture was primarily intergranular in the alumina 
containing a CaO-rich glass and primarily transgranular in the alumina containing 
a MgO-rich glass. Despite differences in grain boundary composition, crystallinity, 
and fracture mode, similar strength and toughness values were measured for the 18 
materials tested.

Adhesion

Adhesion can broadly be defi ned as the strength of the interface between two regions 
of a material system.13 Adhesion can be due to strong primary bonds such as ionic, 
covalent, and metallic bonds, due to secondary bonds such as van der Waals forces, or 
simply due to mechanical interlocking at the interface. Adhesion plays an important 
role in powder processing, coating technology, wear, friction, and joining. The work 
of adhesion is the amount of energy per unit area required to separate the two mate-
rials at the interface. For ceramics, work of adhesion can be measured by fracturing 
the interface or by adhesive pull-off at Hertz-like contacts.14 In some applications 
a strong interface is desirable, such as in a structural application in which a high-
strength composite is desired, whereas in processing or friction applications a very 
weak interface is desirable.

Example 1 Kurokawa et al.15 used SEM and TEM to investigate the mecha-
nism of adhesion between aluminum nitride (AlN) and tungsten (W) electrodes in 
a multilayer capacitor. Several investigators have reported the absence of a chemi-
cal reaction interlayer between W and AlN, but the mechanical strength of the 
interface is still considerable (>20 MPa). Electron microprobe analysis using an 

Figure 10.14 SEM micrographs of heat-treated 96% alumina specimens showing (a) pri-
marily intergranular fracture in alumina containing a CaO-rich glass and 
(b) primarily transgranular fracture in alumina containing a MgO-rich glass 
phase.12
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SEM and selected area diffraction patterns on the TEM were used to confi rm the 
absence of any chemical reaction between the two components. High-magnifi ca-
tion SEM images of the composite revealed intricate interlocking structures at 
the interface, as shown in Figure 10.15. In the absence of a chemical reaction 
layer, the high adhesive strength of the system was attributed to this mechanical 
interlocking.

Example 2 Hollis et al.16 used a pulse-refl ection acoustic microscope to image 
glass fi bers inside a polycarbonate matrix. The composites were optically opaque but 
transparent when viewed acoustically. Signifi cant differences between the acoustic 
images of low- and high-strength composites were observed. For the low-strength 
composites, numerous fi bers could be seen acoustically below the surface of the sam-
ple. This was not the case for the high-strength composite, as shown in Figure 10.16. 
More importantly, the subsurface images of the fi bers in the low-strength composite 
appeared to have considerably larger diameter as compared with those in the high-
strength composites. Thus, it appeared that the fi bers in the low-strength composite 
were not well bonded to the matrix and had cylindrical voids surrounding them. 
These voids create a large acoustic impedance mismatch which generates contrast in 
the acoustic image. The presence of the voids was confi rmed by examining fracture 
surfaces of samples in an SEM.

10.3 Oxidation Resistance of Ceramic Composites

Ceramic composites often consist of mixtures of oxide and nonoxide ceramics. 
Although oxides generally exhibit good oxidation resistance, most nonoxides do 

Figure 10.15 SEM micrographs of cross sections of AIN–W–AIN interface: (a) polished section 
and (b) fractured section (bars = 5 µm).15
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not. Oxidation of the nonoxide often produces porosity and cracks, which can in 
turn lead to further oxidation and degradation. Although oxidation rates have been 
carefully measured for many ceramic composites and the thickness of the oxidized 
layer often follows a parabolic rate law, oxidation mechanisms are not well under-
stood. Surface and interfacial microcharacterization techniques can provide valuable 
information.

Example Backhaus-Ricoult17 used SEM, TEM, and XRD to follow the micro-
structural evolution of a silicon carbide-whisker–reinforced alumina–zirconia com-
posite as oxidation of the SiC occurred and to measure the change in the thickness 
of the oxidized layer. XRD showed that the starting material contained only alumina 
(Al2O3), silicon carbide (SiC), and zirconia (ZrO2). After the oxidation treatment, 
an oxidized scale was observed that macroscopically consisted of a black region, a 
white region, and a glassy surface layer. XRD showed that the major phases in the 
black sublayer were Al2O3, ZrO2, zircon (ZrSiO4), mullite (3Al2O3·2SiO2), and 
SiC. XRD also revealed that SiC was completely absent from the white sublayer 
and that the major phases were mullite, Al2O3, and ZrO2. No ZrSiO4 or carbon 
were detected, and this was confi rmed with TEM and SEM using energy-dispersive 
analysis by X-ray (EDAX). SEM also revealed a substantial amount of porosity in the 
white sublayer. X-ray mapping using SEM EDAX also showed oxygen enrichment in 
the white region of the scale, as shown in Figure 10.17.

The growth of the white sublayer followed a parabolic rate law, consistent with 
previous studies, but the black sublayer did not. A model was proposed whereby 
oxygen, which diffuses into the microstructure via grain boundaries and dislocations, 
reacts with the SiC to form SiO2, carbon and carbon monoxide. The SiO2 then 
reacts with Al2O3 to form a low-viscosity aluminosilicate which penetrates the grains 
boundaries. Al2O3 and ZrO2 in contact with this glass fi lm react to form mullite and 
zircon. Zircon reacts with unreacted Al2O3 to form more mullite.

Figure 10.16 Comparison of specimens obtained with lens at Z = 15 µm to show 
subsurface fibers: (a) low-strength sample and (b) high-strength 
sample.16
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10.4 Electrical Properties of Ceramic Composites

Piezoelectricity

Piezoelectricity is a property whereby mechanical strain produces dielectric polariza-
tion and, conversely, an applied electric fi eld produces mechanical strain.18 Piezo-
electricity is exhibited by piezoelectric crystals, polarized polymers, and composites, 
and is utilized in a variety of electromechanical transducers. To induce piezoelectric-
ity in certain ceramic crystals, one must apply a high dc fi eld to switch the polar axis 
of the crystals to the symmetry allowed directions nearest to the applied fi eld. This 
process is called poling.

Example Waller et al.19 studied poling of a piezoelectric ceramic polymer 
composite using a corona discharge technique being considered as an alternate to 
the high fi eld dc technique traditionally used for poling. The piezoelectric ceramic 
was a 50–50 mixture of PbTiO3 and BiFeO3. The composites poled using both the 
corona discharge and the dc techniques had similar electrical properties. Waller et 
al. used X-ray diffraction (XRD) on the surface of the composite samples in order 
to investigate the extent of poling of the ceramic materials. Figure 10.18 shows the 

Figure 10.17 X-ray map of oxide scale showing oxygen enrichment in the white 
region.17

Figure 10.18 (001) and (100) X-ray diffraction peaks 
taken on the surface of the PT–BF–
polymer composite before and after 
poling (PT–BF = 0.5PbTiO2 0.5BiFeO2).19
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X-ray diffraction peaks for unpoled, partially poled, and poled composites. The 
relative intensities of the (001) and (100) peaks are reversed in the unpoled and 
poled samples, which indicates near-saturation poling of the composites. Hence, 
a simple XRD technique can yield information about the electronic properties of 
composites.

Voltage-Dependent Conductivity

Conductivity is discussed in Chapter 12, “Electronic and Magnetic Ceramics,” but 
voltage-dependent conductivity is included in this chapter because ceramic compos-
ites display this property. Figure 10.1920 shows schematically the nonlinear current–
voltage (I–V) characteristics for a ceramic composite varistor. Ceramic composite 
varistors are commonly made from ZnO (80 mol % or more) and additives such as 
Bi2O3, Sb2O3, Cr2O3, and Co3O4. The nonlinear I–V characteristics are due to the 
segregation of the metal oxide additives at the grain boundaries. The nonlinear I–V 
behavior depends on conducting grains being surrounded by a very thin insulating 
layer, as shown schematically in Figure 10.20.21

Figure 10.19 Current–voltage characteristics of a metal oxide varistor at 77 K and 
for a small range of temperatures near 300 K.20

Figure 10.20 Block model of a ZnO varistor 
having grain size d (~20 µm) and 
intergranular depletion barrier 
thickness t (~1000 Å). D is the elec-
trode separation.21
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Example Rohrer and Bonnell22 used scanning tunneling microscopy (STM) 
and tunneling spectroscopy (TS) to investigate the correlation between the geometric 
structure and electrical properties in three different regions of a polycrystalline ZnO 
varistor material. More than 90% of the surface was observed to be a fl at background 
area which had a tunneling spectrum similar to those obtained from single-crystal 
ZnO surfaces. These regions correspond to individual ZnO grains. The second type 
of region showed metallic spectral characteristics, which were attributed to carbon 
contamination on the surface. The third type of region showed low conductivity 
and appeared as topographic depressions in the image separating the large fl at 
regions. This feature has the size, shape, and expected electronic properties of ZnO 
varistor grain boundaries. Figures 10.21 and 10.22 show how STM and TS can 
be used to image and detect electrical property variations across interfaces in elec-
tronic ceramic composites.

10.5 Summary

The examples in this chapter demonstrate the heavy reliance on electron micros-
copy (both SEM and TEM) for topographical characterizations, compositional 

Figure 10.21 (a) Three-dimensional rendering of a 200 × 400 nm image of a grain-
boundary region; the total height of the image is 40 nm. (b) Gray-
scale top-view rendering of the same image. Arrows at the top and 
bottom indicate the line along which the I–V curves were acquired. 
The feature labeled “S” is a spike due to a temporary tip instability 
and is not related to the sample surface.22
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information, and phase identifi cation of ceramic composites. Although other micro-
characterization techniques can be used to obtain some of the same information, they 
are not as widely used because they do not provide as broad a range of information. 
The examples in this chapter also demonstrate that, although microchar-acterization 
techniques often indicate interfacial differences that are expected to lead to differ-
ences in bulk behavior, bulk properties sometimes remain unaffected.
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11.1 Introduction

Successful application of ceramics in many devices and structures requires some type 
of ceramic–metal joining. Ceramic–metal seals are used extensively in a wide variety 
of applications. Examples include vacuum tubes, high-voltage feedthroughs, tran-
sistor packages, sapphire–metal windows, rocket ignitor bodies, and many others. 
Newer joining applications include engine components, such as the Si3N4 turbo-
charger rotor joined to a metal shaft now being produced commercially,1 multilayer 
electronic devices that comprise both ceramics and electrodes, electroding and metal-
lizing of hybrid microcurcuit substrates; and ceramic–metal composites. All applica-
tions require a high-strength metal–ceramic bond.

Two factors drive the need for the development of improved joining technolo-
gies. First, it is diffi cult to fabricate large ceramic structures with complex shapes. 
Although small individual pieces of complex shape, such as a turbine rotor, can be 
fabricated, the path of least technological resistance to developing larger structures 
will often entail joining assemblies of more easily fabricated small components. If 
the joints are suffi ciently strong, this may also provide indirect benefi ts, since qual-
ity control and nondestructive testing of smaller components may be simpler. Sec-
ond, although ceramics may possess a unique and desirable set of properties, there 
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212 GLASS AND CERAMIC JOINTS Chapter 11

will be applications in which these properties are needed and desirable, not for an 
entire structure, but only in one portion of a structure. For these applications, it will 
be necessary to join the ceramic to either another ceramic or to a metal. The develop-
ment of viable joining techniques will facilitate the assimilation of advanced ceramics 
into complex multimaterial (often metal-dominated) structures.

11.2 Characterization of Interfaces

The usual approach in analyzing complex ceramic–metal interfaces is to characterize 
experimentally the specifi c properties of the ceramic–metal interfaces that one wishes 
to understand and control. In this chapter, brazing of AlN is used as an example. The 
objective is for one to learn as much as possible about the reactions that occur at the 
interface in order to control processing and to optimize properties. In turn, one must 
understand the mechanisms of adhesion and the development of microstructure, 
recognizing that the information may be particular to the system studied.

Complete characterization of a ceramic–metal interfaces may require knowledge 
of the energetics of wetting and interface reactions, the microstructure and compo-
sition of interface compounds, the stress state of the interface, and the structure of 
an interface at the atomic level. Knowledge of mechanical stresses at interfaces is 
important because a stressed interface may be weak mechanically even if there are 
strong chemical bonds. For example, a Cu–27Ag–2Ti (wt %) brazing alloy will react 
strongly with AlN at 900 °C and yield good chemical bonding. However, if the braz-
ing alloy is too thick, the structure will fracture on cooling because of stresses gen-
erated by coeffi cient of thermal expansion (CTE) mismatch. Similarly, stresses can 
occur from cyclic mechanical loading of two joined materials if their elastic moduli 
are mismatched. Thus, knowledge of the mechanical properties of reaction products 
is necessary for a complete understanding of adhesion. However, the focus of this 
paper is the characterization of microstructural properties of the joints; mechanical 
properties will not be discussed further.

The interface characterization just described has been accomplished using a vari-
ety of experimental techniques. Sessile drop experiments2 are used to determine the 
relative interfacial energies for a liquid drop on a solid surface. Such experiments 
provide a means of studying wetting and spreading of a liquid on a solid and of 
determining relative surface and interfacial energies. Proper interpretation reveals if a 
reaction is taking place at the interface and if there is contamination of the surfaces, 
and its effect. The technique also provides a convenient method of studying the reac-
tions that occur at the interface by characterizing polished cross sections obtained by 
cutting the frozen sessile drop assembly perpendicular to the interface.

Scanning electron microscopy (SEM) is used with energy-dispersive spectros-
copy (EDS) to obtain general microstructural and compositional information, 
usually on cross sections of the ceramic–metal interface or on fractured surfaces. 
Electron microprobe (EPMA) scans across the interface give compositional profi les 
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at a 1-μm spatial resolution, including light elements, such as O and N, not generally 
accessible to EDS. With proper standards, accuracies of ±0.1 wt % can be obtained.

Detailed understanding of reaction mechanisms requires knowledge of the valence 
state of the reaction products, which can be obtained with X-ray photoelectron spec-
troscopy (XPS). Because XPS is sensitive to a depth of only a few monolayers, there 
is the general problem of ensuring that the surface being analyzed is not an artifact 
of environmental contamination. Fracturing the specimen along the interface in the 
ultrahigh vacuum (UHV) chamber prior to analysis is one technique for minimiz-
ing surface contamination. Another is to make model interfaces by depositing a thin 
layer of the metal on the ceramic in the UHV chamber, heating it, and then analyz-
ing it without ever exposing the specimen to the atmosphere. Transmission electron 
microscopy (TEM) can image interfacial microstructures at higher resolution than 
SEM; in addition, its electron diffraction capability gives crystal structure informa-
tion. TEM at atomic resolution has been used to image the crystal lattice orientation 
of interfaces, such as Nb on sapphire.3

11.3 Methods of Joining

Many techniques are available for joining ceramics to other ceramics or to metals. 
The review of ceramic joining by Suganuma et al.4 and an earlier review by Rice5 
provide a more detailed overview.

There are three general categories or types of joining processes. In the fi rst, attach-
ment is mechanical and is achieved through the use of mechanical interlocking of 
components. The second approach is direct joining, in which components are bonded 
either by a solid-state process or by fusion. The third approach could be referred to 
as indirect joining in the sense that an intermediate layer of material, such as an adhe-
sive, cement, or braze, is used to bond two components.

Mechanical Joining

Mechanical joining has the advantage of being very simple and effi cient. A common 
example of this type of attachment is provided by the carbon–carbon composite 
Space Shuttle leading edges, which are attached by fasteners to facilitate removal 
and replacement. Provided that the materials are refractory and chemically compat-
ible, this approach should provide high strength at high temperatures. However, 
Rice points out that the lack of ductility in ceramics severely limits the temperature 
range over which this method is applicable because of the high local tensile stresses 
that can develop in systems with thermal expansion mismatches, causing failure in 
the ceramic.5 Nicholas6 adds that successful application of mechanical attachment 
in demanding environments is diffi cult to achieve, especially if leak-tight joints are 
required or if the joint will be subjected to thermal cycling. For these applications, 
joints with atomically bonded interfaces, as can be formed by direct and indirect 
joining methods, are preferred and necessary.
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214 GLASS AND CERAMIC JOINTS Chapter 11

Direct Joining
Solid-state pressure bonding has been applied to joining of ceramics to ceramics 
and ceramics to metals.7–14 Successful pressure bonding relies upon the achievement 
of adequate interfacial contact and subsequent diffusion or plastic fl ow to elimi-
nate interfacial porosity. When both materials undergo limited plastic fl ow (e.g., 
ceramic–ceramic bonding) or when deformation of the workpiece must be avoided 
(e.g., the niobium–sapphire bond in high-pressure sodium lamps), special care must 
be taken to assure smooth mating surfaces.6 When ceramic–metal bonds are being 
formed, and deformation of the metal is permissible, plastic fl ow generally occurs 
within the metal.

Increasing either the fabrication pressure or time generally improves the quality 
of the joint, as measured by the failure strength of the assembly. However, of the 
processing parameters that can be controlled, temperature appears to be the most 
important. Nicholas reports that an increase in the joining temperature of Tm /10 
(where Tm is the melting temperature in kelvin) can make the difference between a 
low-strength and high-strength assembly.15 Although increases in time and tempera-
ture can improve the joint quality, there are limits. Initially, chemical reactions at 
the interface often have a favorable effect. However, if the time and temperature are 
excessive, thick interfacial reaction product layers can form. These layers can generate 
volume mismatch strains and stresses at the interface that are of suffi cient magnitude 
to degrade assembly strength.16

The advantages of solid-state pressure bonding include a simple fabrication pro-
cedure, a one-step process, and potentially very high joint strength. However, there 
are also several limitations and disadvantages: high cost; only fl at specimens can be 
joined; a vacuum/inert atmosphere is required; and pressure must be applied. The 
need to apply pressure during diffusion bonding imposes restrictions on the joint 
geometry; most joints are of the face seal type and are not well-suited for accommo-
dating thermal expansion mismatch. As a result, the bonded components must either 
be small, one component must be thin,9, 11, 12 or the thermal expansion coeffi cients 
of the components must be well matched. The use of graded thermal expansion lami-
nates for bonding materials with highly dissimilar thermal expansion coeffi cients is 
one method of overcoming this limitation.7, 17

Indirect Joining

The use of a liquid, a glass, or a solid foil that fl ows readily under low applied stress 
to join materials can have advantages. Flow of a wetting liquid or glass or of the 
ductile solid can fi ll irregularities in the surface and therefore imposes less strin-
gent demands on surface preparation and the degree or extent of surface mating 
required. Ductile metal interlayers can undergo plastic fl ow and thus reduce the 
stress that builds up in the ceramic during thermal cycling.12–15 The major catego-
ries of joining using an intermediate layer include joining with adhesives, cements, 
glasses, and brazes.
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Joining with organic-based materials is simple and widely used. A broad range 
of materials can be joined by this method. Precise processing conditions have been 
specifi ed for the preparation of aluminum and aluminum-alloy surfaces for adhesive 
bonding, a consequence of the importance of this joining approach in the aerospace 
industry. The Al surfaces can be characterized by XPS, Auger, electron spectros-
copy, etc. In the context of joining ceramics, the low elastic modulus of organic 
materials allows large strains to be accommodated without the development of 
signifi cant stress,5 an attractive characteristic. However, the limited temperature 
capabilities of organics, and their susceptibility to chemical attack and degrada-
tion, limit their use.

Joining with cements or mortars has some of the same advantages as adhesive 
joining and provides a higher temperature capability. However, as the temperature 
range is increased, so too is the effect of thermal expansion mismatch. Rice indi-
cates that the strengths that are obtained using this approach are often substantially 
lower than those of parts joined with an adhesive.5 Chemical interactions between 
the cement and the ceramic, and decomposition of the cement, can limit the tem-
perature range of application. Collectively, these characteristics diminish the appeal 
of this approach for joining materials for demanding high-temperature, high-stress 
structural applications.

Inorganic glasses and glass–ceramics generally wet (form an acute contact angle 
with) and bond to ceramics. As a result, they can be used to coat one or both mat-
ing surfaces, and in principle, can form strong joints. The thermal expansion coef-
fi cients of glasses can be varied to match, or at worst decrease the mismatch with, 
a particular material. Thermal expansion measurements are performed with various 
types of dilatometers. Thus, when two articles of the same material are to be joined, 
glasses or crystallized glasses provide an attractive joining route. However, in com-
parison to metals, glasses are less tolerant of thermal expansion mismatch. Thus, 
for applications in which materials with different thermal expansion characteristics 
are to be joined, glass–ceramics may be more desirable. For example, glass–ceramics 
can be made with expansion coeffi cients ranging from zero (β-eucryptite) to over 
200 × 10–7/°C (mixtures of cristobalite and tridymite match the CTEs of Cu and 
some stainless steels). The ability to fi ll reentrant angles and complex internal 
shapes by viscous fl ow of the molten glass and then to crystallize it with subse-
quent heat treatment to match the CTE of the metal makes glass–ceramics particu-
larly suited to applications where high strength of the system is important. Glasses 
and glass–ceramics often provide good environmental compatibility, although it 
may not equal that of the components to be joined. Diffi culties may also arise 
from excessive chemical reaction between the glass and the ceramic (or metal). 
In some cases, the metal may be dissolved by the glass.17 Softening of the glass 
and decomposition of certain glasses are additional concerns, particularly for high-
temperature applications. Glass softening can be characterized by differential ther-
mal analysis (DTA) and dilatometry.
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216 GLASS AND CERAMIC JOINTS Chapter 11

Brazing involves bonding using a metallic interlayer. Braze alloys are far more 
ductile than glasses and thus more forgiving. In cases where ceramics are being intro-
duced into predominantly metal structures, brazes provide a more familiar joining 
material. The criteria for selection of brazing alloys are that they must wet or coat the 
ceramic, must form a chemical bond at the interfaces resulting in a strong joint, and 
they should cause minimal degradation of the base material or materials. Successful 
brazing alloys produce bonds that are (1) strong, (2) reliable, and (3) relatively inex-
pensive to manufacture. Brazing techniques are versatile and can produce vacuum-
tight joints with high strength and substantial temperature capability. Brazes can 
often be developed to resist a variety of chemical environments. Brazing also lends 
itself more readily to mass production than solid-state pressure bonding.

Brazing of ceramics is not without diffi culty. In contrast to glasses, many metals 
and alloys bead up on ceramic substrates, that is, the molten metal does not wet the 
ceramic. To promote wetting, the surface must either fi rst be metallized, or a braze 
containing a chemically reactive or active metal, often titanium, must be used. Tita-
nium reacts with the ceramic and generally facilitates wetting via the formation of a 
more metallically bonded reaction product at the interface.18–20

As is the case for any joining process, there are also some important constraints 
and concerns, many of which are the direct consequence of the presence and action 
of the reactive metal. The fl ow of some reactive metal alloys is reported to be slug-
gish, and as a result, preplacing foils is often necessary. The reactivity of the alloys 
generally demands that they be used in a vacuum or in an inert atmosphere contain-
ing sub-parts-per-million oxygen levels. As is often the case in diffusion bonding, an 
interfacial reaction product forms. If the brazing time or the brazing temperature is 
excessive, and if the reaction product is brittle or has a signifi cant thermal expansion 
mismatch with the ceramic, weakening of the joint can result.

11.4  Fundamentals of Interfacial Bonding: 
Wetting and Spreading

The surface of any phase has an associated free energy. That energy, γ ( J/m2), is 
always positive and is equivalent to the energy required to create a unit area of new 
surface of the material. The adhesive energy or work of adhesion between two phases 
is given by WAB = γA + γA – γAB, where the subscripts A and B indicate the free sur-
faces of phases A and B, and AB indicates their common interface. Two materials 
form a stable bond when the work of adhesion is negative, that is, when creating the 
AB interface gives a net decrease in the free energy of the system by eliminating the 
high positive free energy of the interface.21

When one of the phases is a liquid during the sealing process, for example, mol-
ten glass on metal or a braze alloy on a ceramic, the liquid phase generally must 
wet the solid for bonding to occur. There is general agreement that wetting is an 
essential prerequisite for making a good bond. It is understood, however, that 
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wetting alone is not suffi cient to guarantee good adhesion. Chemical bonding is 
usually associated with a small acute contact angle in a sessile drop (wetting) experi-
ment. Sessile drop experiments are important because they provide valuable informa-
tion on the formation of true or intimate interfaces and the existence of reactions 
that normally may not be recognized and therefore might be overlooked. It is thus 
worthwhile to examine and understand the associated principles.

The sessile drop technique is used extensively in the study of glass–metal bonding 
and ceramic/metal brazing. Figure 11.1 is a schematic of cross sections of a wetting 
and a nonwetting sessile drop. Wetting occurs when the surface energy of the solid 
exposed to the atmosphere is greater than that of the liquid, that is, γsv  > γs l > γlv , 
and the driving force for wetting is (γsv – γs l ) (an example of such a system is an oxide 
liquid on a metal substrate). The resisting force is the energy required to increase the 
surface area of the liquid drop. A balance of these forces is represented by the Young-
Dupre equation21:

γsv  – γs l  = γlv cos θ (11.1)

The equation is valid at steady state in the absence of a reaction, that is, under either 
stable or metastable equilibrium. If a reaction takes place at the interface in which the 
solid is an active participant (i.e, its chemical composition changes), the ΔGR (free 
energy of reaction) contributes to the driving force for wetting (Figure 11.1). The 
equality in the equation is lost and a dynamic situation arises wherein the driving 
force for wetting approaches γlv, with a decrease in contact angle θ. When the force 
exceeds γlv, θ becomes zero and the liquid continues to spread. If the solid is a pas-
sive participant in the reaction (its chemical composition does not change), then ΔGR 
does not contribute to the driving force for wetting and spreading does not occur. 
Surface energies, however, change with composition adjustments that occur.

Figure 11.1 Sessile drop configurations 
for wetting and nonwetting.
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If the solid is not wet by the liquid and no reaction occurs, then γsv  < γs l  < γlv 
and there is no driving force for wetting (an example of a system is a metal liquid on a 
solid ceramic substrate). The equation is the same as given but the contact angle is now 
obtuse (Figure 11.1). In the case of a reaction where the solid is an active participant, ΔGR 
develops a driving force for wetting. If this force is large enough, then with continued 
spreading the contact angle continues to decrease until it becomes acute and then zero.

The work of adhesion of a liquid on a solid may be calculated as the sum of work 
performed in generating one unit area of liquid surface and one unit area of solid 
surface minus the original solid–liquid interfacial energy. The result is expressed by 
Dupre’s equation:

Wab = γsv  + γlv – γs l  (11.2)

Substituting the Young’s equation into the expression for work of adhesion yields:

Wab = γ lv(1 + cos θ) (11.3)

Wab is the reversible work of adhesion, which is the work required to separate a unit 
area of the interface into two original surfaces. Direct measurement of Wab is not 
possible.22 Indirectly, the work of adhesion can be determined from a measurement 
of the contact angle if the surface energy (or surface tension) of the liquid in equilib-
rium with its vapor is known. The work of adhesion has been calculated from fi rst 
principles for different metals on Al2O3

23, 24 Good agreement was found between 
the calculated and experimentally measured values for that particular study. How-
ever, adhesion is a complex phenomenon that is diffi cult to model theoretically for 
systems of practical interest.

The overall free energy at an interface is further decreased by any reaction between 
the two substances. Depending on the system, these can be reactions to form 
new phases or various (redox) and dissolution reactions.25 Redox reactions dur-
ing ceramic–metal bonding have been studied extensively, and that work has been 
used to formulate a theory of glass–metal and ceramic–metal bonding that has 
gained wide acceptance.26 The theory states that the most stable interface is one 
where there is an intermediate layer saturated in a cationic species that is in equi-
librium with the parent phases. At equilibrium the reaction layer contains cations 
with valence intermediate to the metal and the glass or ceramic. The theory cannot 
predict the thickness of the intermediate zone, but in principle it could be as thin 
as one monolayer. The layer may be created by oxidation of the metal and reduc-
tion of one or more cations in the glass. Alternatively, the equilibrium zone may 
be formed by preoxidizing the metal followed by dissolution of the oxide in the 
molten glass. Which redox reactions occur can be predicted from available thermo-
dynamic data in many cases. For example, heating a Co-doped siliocate glass on a Fe 
substrate results in reduction of Co2+ to Co° and oxidation of Fe° to Fe2+ to form 
an interfacial layer saturated with FeO (Fe° + CoO(glass) = FeO(interface) + Co°, 
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ΔG °R (927 °C) = –44.21 kJ).27 Existence of such zones can be determined by TEM 
and gross compositions by SEM/EDS and by EMPA. The nature of the chemical 
bonding can be determined by XPS on fractured surfaces.

11.5 Reactive Metal Brazing of Aluminum Nitride

The experimental techniques described above to analyze ceramic–metal interfaces 
will now be illustrated using an example of brazing AlN. Comparatively little work 
has been reported on brazing aluminum nitride ceramics.28, 29 Since a primary appli-
cation for aluminum nitride is as a substrate for electronic applications, the focus has 
been on low-temperature brazing, using a variety of commercially available alloys 
based on the copper–silver–titanium system.

Wetting Studies

Ti is widely used as the reactive element in active metal braze fi ller alloys that are 
increasingly being applied for ceramic joining. Other reactive elements, such as Nb, 
Al, Cr, V, Ta, and Zr also have been investigated in varying levels of detail.30, 31 The 
example used here reports a comparative study of the reactions and resulting micro-
structures for Ti and Zr on AlN. The activities of the Ti and the Zr were varied by 
dissolving them at 1 and 5 wt % in the 72Ag–28Cu eutectic.

The results of the contact angle studies of the Cu–Ag brazes on AlN are pre-
sented in Figure 11.2. Several features are evident. First, the higher the Ti or Zr con-
centration, the lower the contact angle. Continuous decreases of contact angle with 
time and spreading are indicative of reactions in sessile drop experiments. Second, 
for all experimental conditions used, contact angles for the Ti-containing alloys are 
lower than for those with Zr. At 1000 °C, the Zr-containing alloys initially melted, 
but then they rapidly formed a partially solidifi ed drop that was unable to spread 
signifi cantly on the ceramic. At 1100 °C, the Zr alloys were liquid and conventional 
contact angles were observed. This temperature dependence is related to alloy phase 
behavior, as discussed below. Figure 11.3 shows a cross section of the interface between 
AlN and Cu–Ag–5Zr (wt %) brazing alloy heated at 1100 °C for 60 min at P(O2) = 
10–16 atm. The dark area on the left is AlN. The thin (0.5 μm) compound at the 
interface is ZrN formed by reaction between Zr from the brazing alloy and AlN, 
the triangle close to the interface is a AgZrCu3 phase precipitated on cooling, and on 
the right of the photo is a Ag–Cu eutectic microstructure.

Figure 11.2 also shows that Cu–Ag (Cusil) alloy did not wet AlN ceramic, as 
indicated by invariant obtuse contact angles. On cooling, the metal formed a near-
spherical bead that rolled off the nitride substrates when they were tilted. The lack of 
wetting by Cusil is a consequence of the relatively large AlN–liquid metal interfacial 
energy (γs l ) and the absence of reaction at the interface. Effectively, a true interface 
does not form.

imo-loehman-type-11.indd   219imo-loehman-type-11.indd   219 2/15/10   5:12 PM2/15/10   5:12 PM



220 GLASS AND CERAMIC JOINTS Chapter 11

Qualitatively similar results were obtained for the 76Cu·24Ti alloy, Pd/Si alloys, 
and Cu–Ni–Ti alloys; those that contain Ti or Zr wet and spread on the AlN sub-
strates, whereas those that do not contain Ti or Zr (e.g., 94Pd·4Si·2Al) ball up and 
fall off the AlN after cooling.32

The segregation of an alloy element to the solid–liquid interface is usually an 
indication of the reduction of γ s l. For example, Figure 11.4 shows a backscattered 
electron image and Ti, Al, Cu, Ag, and N X-ray maps of the cross section of a 

Figure 11.2 Wetting behavior or Zr–Ag–Cu and Ti–Ag–Cu alloys on AIN. 
Compositions indicated on curves are in weight percent.

Figure 11.3 Microstructure of the Zr–Ag–
Cu alloy close to the AlN in-
terface. Dark phase has the 
composition of ZrAgCu4.
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28Cu·72Ag–5Ti/AlN braze sample; titanium is clearly seen to segregate to the AlN-
alloy interface. Figure 11.5 shows similar X-ray maps for 28Cu–72Ag–5Zr/AlN 
interface. While it is possible that segregation alone might suffi ciently reduce γs l to 
produce adequate wetting, there is also clear evidence for the presence of interfacial 
reaction products not accounted for by the Young–Dupre equation. In fact, Yost and 
Romig33 have shown that the free energy of formation of an interfacial reaction prod-
uct (δGr) will be an additional thermodynamic driving force for reducing θ; such an 
analysis yields a modifi ed wetting equation26:

where the interfacial reaction free energy is normalized to the change in the inter-
facial area (δA) and the reaction time (δt). The dynamic nature of this relation-
ship makes the use of the inequality sign necessary.26 According to Equation 11.4, 

Figure 11.4 EDS compositional maps of interface between Zr–Ag–Cu and AIN. 
Reacted at 1000 °C for 60 min.
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interfacial reactions with negative free energies will further reduce the infl uence 
of γsv and, if large enough, could promote wetting and spreading even in systems 
where γsv < γs l .

Interfacial Reactions

Microstructures and compositions of the reaction zones for reaction of both Ti–
Ag–Cu alloys with AlN were very similar to those previously reported for com-
mercial braze alloys on AlN.28, 34, 35 The microprobe data presented in Figure 
11.6 show a reaction zone adjacent to the alloy about 25 μm in thickness with the 
approximate composition TiN0.7. Well away from the ceramic–metal interface, the 
alloy exhibits the Ag–Cu eutectic structure with no Ti; essentially all the Ti has 
segregated to the interface. Between the Ag–Cu eutectic and the TiNx layer is the 
the region where previous TEM studies have shown the existence of a (Ti,Al,Cu)6N 
η-nitride.35

Figure 11.5 EDS compositional maps of interface between Ti–Ag–Cu and AIN. 
Reacted at 1000 °C for 60 min.
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The interface resulting from reaction between 4.7Zr–57.4Ag–37.9Cu (wt %) and 
AlN at 1100 °C is somewhat different from that of the comparable Ti alloy. One 
major difference is that the ZrN reaction zone is only about one-third the thickness 
of the Ti reaction zone. Another difference is that, within experimental error, the 
ZrN layer is stoichiometric. A third difference is that not all the Zr has segregated 
to the interface with the ceramic. Grains with the average composition ZrAgCu4 are 
observed throughout the metal drop (see Figure 11.6).

XPS Characterization of Ti-AlN Interfaces

Additional studies were made of interfacial reactions that could further improve wet-
ting, according to Equation 11.2, by using XPS to characterize the interfaces of heat-
treated Ti-thin fi lms deposited on AlN substrates. XPS is particularly useful for these 
studies because it is sensitive not only to different elements but also to their different 
chemical environments. Figure 11.7 summarizes some of the thin fi lm results. The 
Ti 2p (Figure 11.7a) and Al 2p (Figure 11.7b) photoelectron spectra shown were 
obtained from a reaction couple (80 nm Ti on AlN) heated to 900 °C for 30 min in 
argon and from several reference samples. The Ti/AlN couple was sputter-cleaned by 
an Ar-ion gun to remove an oxidized surface layer and to reveal the reaction products 
that include TiN (Ti 2p binding energy ≈ 455.0 eV)36, 37 and a metallic Al-phase 
(Al2p binding energy ≈ 72.3 eV).37

Figure 11.6 Microprobe compositional line analyses for Zr–Ag–Cu and Ti–Ag–Cu on AIN 
reacted for 60 min at 1000 °C.
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The simplest reaction consistent with these XPS results is

Ti + AlN = TiN + Al (11.5)

If one uses tabulated free-energy data,38 this reaction has a δGr , of –8.8 kcal/mol 
at 1200 K and thus would provide the additional thermodynamic driving force for 
wetting given by Equation 11.2.

In reality, the reaction products that form at Ti/AlN interfaces are more complex 
than those suggested by the reaction in Equation 11.3. Beyers et al.39 proposed a 
Ti–Al–N phase diagram predicting that TiAl3 and TiN form when Ti reacts with 
AlN at 600 °C. Norton et al.40 reacted TiH2 fi lms with AlN at 850 °C and found 
Ti2N and Ti3Al at those interfaces. Because the Al 2p binding energies of these dif-
ferent Ti/Al intermetallics are virtually indistinguishable from that of Al and because 
the Ti 2p binding energies of the different TiN phases are also quite similar, the XPS 
analyses could not adequately distinguish between those reaction products. However, 
the development of stable interfacial compounds, whatever their stoichiometrics, still 
supports the suggestion that the addition of reactive components to a conventional 
braze improves wetting as well as strengthens the interfacial bonding.

TEM Characterization of Ti–AlN Interfaces

The presence of additional alloying elements, particularly Cu, further complicates 
the interfacial reactions. TEM analysis of Ag–Cu–Ti/AlN interfaces35 confi rmed 

Figure 11.7 (a) Ti 2p photoelectron spectra from (i) a sputter-cleaned Ti-thin film/
AlN reaction couple and from (ii ) TiN and (iii) TiO2 reference samples; 
(b) Al 2p photoelectron spectra from (i) the same Ti/AlN reaction cou-
ple and from (ii) AlN and (iii) Al-metal reference samples.
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that TiN is a reaction product that forms during conventional brazing operations. 
In addition, a second phase, identifi ed as an η-nitride with a stoichiometry of 
(Ti,Cu,Al)6N, forms between the TiN layer and the remaining Cu/Ag alloy (Fig-
ure 11.8). High-resolution electron microscopy demonstrated that the AlN/TiN and 
TiN/η-nitride interfaces are abrupt, with no other crystalline or amorphous inter-
vening phases.35 These results are consistent with a gradual decrease in the Al- and 
N-activities, and a gradual increase in the Ti-activity as one moves from AlN across 
the reaction interface and into the braze alloy; such a gradual change in elemental 
activity produces the electronic and chemical gradients necessary for the formation 
of a strong metal–ceramic bond.26

11.6 Summary

This example illustrates the range of analytical techniques that can be used to 
study the formation of metal–ceramic joints. Sessile drop experiments are used to 
determine the relative interfacial energies for a liquid drop on a solid surface and 
provide a means of studying wetting and spreading of a liquid on a solid. Proper 
interpretation reveals if a reaction is taking place at the interface and the effect of 
surface contamination. The technique also provides a convenient method of study-
ing the reactions that occur at the interface by characterizing polished cross sec-
tions obtained by cutting the frozen sessile drop assembly perpendicular to the 
interface. The cross sections can then be analyzed by scanning electron microscopy 
(SEM) with energy-dispersive spectroscopy (EDS) to obtain general microstructural 
and compositional information and by electron microprobe (EPMA) to generate 

Figure 11.8 Transmission electron micrograph showing the reaction products that 
form at AlN/Ti–Ag–Cu interface after 5 min at 900 °C; both TiN and 
the h-nitride phase can be detected.35
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226 GLASS AND CERAMIC JOINTS Chapter 11

compositional profi les across the interface. Transmission electron microscopy (TEM) 
can image interfacial microstructures at higher resolution than SEM, and, in addi-
tion, its electron diffraction capability gives crystal structure information. The valence 
state of the reaction products can be obtained with X-ray photoelectron spectroscopy 
(XPS) on fractured surfaces.
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12.1 Introduction

Inorganic nonmetallic materials, electronic ceramics are used in applications 
ranging from capacitors to chemical sensors and varistors. Because of their high 
resistivity and chemical inertness, electronic ceramics originally were used only as 
electrical insulators. However, depending on their composition and the fabrication 
cycle used, current electronic ceramics exhibit a wider range of properties (that is, 
their polarization, mechanical, and optical responses to an applied electric fi eld). 
This variety of electric fi eld responses, which may be controlled through composi-
tional control, chemical substitution, doping, and fabrication conditions, results in 
the use of ceramics in a diverse range of electronic applications that far surpasses the 
original use of ceramics as simple electrical insulators.

To understand the behavior of electronic ceramics, we need to understand the 
relationship between the observed material properties and the underlying physi-
cal phenomena responsible for those properties. For example, the presence of oxy-
gen vacancy point defects in ZrO2 ceramics leads to their use as oxygen sensors in 
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230 ELECTRONIC AND MAGNETIC CERAMICS Chapter 12

automotive and other applications. We may generalize this example by stating that 
the different applications of ceramics depend on material structural features from 
the atomic to the macrostructural level. Features such as atomic arrangement (crys-
tal structure), point defects, domain structure, and microstructure all defi ne the 
observed electronic properties of the material. Examples of the interrelationships 
between electrical properties and material structure are given below.

Although glasses and single-crystal ceramics are used in numerous electronic 
applications, in general, most electronic ceramic materials are polycrystalline in 
nature. Thus, the observed electronic properties are frequently dependent on either 
phase assemblage or controlled chemical heterogeneities within the ceramic poly-
crystalline body (for example, the controlled segregation of a particular dopant at the 
grain boundaries).

The focus of this chapter is therefore two-fold. First, the defi ning characteristics 
of electronic ceramics used for various applications are discussed and related to the 
underlying physical, chemical, and structural features of the material. Second, this 
chapter selectively describes the use of various analytical techniques for characterizing 
the properties of electronic ceramics that make them suitable for a given application. 
Since a growing area of research is the development of ceramic thin fi lm devices, par-
ticular emphasis is placed on the applicability of various characterization techniques 
for analysis of electronic ceramic thin fi lms.

12.2 Insulators and Capacitor Materials

Insulator and capacitor applications depend on the dielectric properties of ceramics, 
that is, on their polarization response to an applied electric fi eld. The four polariza-
tion mechanisms which describe the displacement of charged species in ceramics are 
(1) electronic polarization—the shift of the valence electron cloud with respect to the 
nucleus; (2) ionic or atomic polarization—movement of cation and anion species; 
(3) dipolar polarization—perturbation of the thermal motion of ionic or molecular 
dipoles; and (4) interfacial polarization—inhibition of charge migration by a physical 
barrier. Further discussion of polarization phenomena may be found in Reference 1.

Ceramic Insulators

Ceramic insulators are used to support electrical conductors and prevent the fl ow 
of electrical charge between them. As discussed by Buchanan,2 for insulation appli-
cations, the important dielectric properties include (1) dielectric constant (k ʹ): a 
measure of the ability of a material to store electrical charge; (2) electrical resistiv-
ity (ρ): a measure of the resistance to current fl ow exhibited by a unit volume of 
the material; (3) dissipation factor (tan δ): a measure of the energy loss per cycle 
(in an ac fi eld); and (4) dielectric breakdown strength (DS): the maximum voltage 
gradient that can be impressed across a dielectric without destroying its insulating 
characteristics. Materials with low dielectric constants (k ʹ < 30) and low dissipation 
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12.2 INSULATORS AND CAPACITOR MATERIALS  231

factors (tan δ < 0.001) are used as insulators, so that dielectric loss (k ʹ × tan δ) may 
be minimized.

Early insulator applications (high-voltage insulation) were most frequently based 
on the use of triaxial porcelains, which are prepared by a liquid-phase sintering pro-
cess.2 The raw materials that are used to fabricate these insulators include kaolin 
and ball clay (primarily Al2O3·2SiO2·2H2O), feldspar ((K,Na)2O·Al2O3·6SiO2), 
and fl int (SiO2). The relative amounts of the phases present in the triaxial body 
(mullite, alkali-silica glass, and silica) are determined by the starting composition 
and the processing cycle. In general, compositions that lead to large amounts of the 
residual glassy phase display greater dielectric loss and poorer insulation characteris-
tics, due to the high mobile ion content of this phase. Larger amounts of this phase 
are desirable for material processing, however, because it facilitates fabrication at 
lower temperatures.

Due to the long history of the use of these materials in insulation applications, the 
interrelationships among composition, processing, microstructure, and dielectric and 
insulating properties are well understood. Therefore, the present need for modern 
analytical characterization techniques is somewhat limited. The dielectric properties 
(k ʹ and tan δ) of these materials may be determined through the use of instruments 
such as an impedance analyzer. (Actually, with this instrumentation, capacitance, and 
not kʹ is measured. The dielectric constant is subsequently calculated from the mea-
sured capacitance through knowledge of electrode areas, sample geometry, and the 
electrode separation, i.e., the thickness of the dielectric.) Dielectric property charac-
terization with this type of equipment is limited to an upper frequency of ∼10 MHz. 
The accurate characterization of dielectric properties of ceramics intended for high-
frequency applications—applications with operational frequencies from 500 MHz 
to 12 GHz, such as microwave dielectrics used in satellite and cellular communica-
tion systems—is typically much more involved, but may be accomplished by using 
a resonance cavity apparatus.3 Of particular importance for these applications is the 
measurement of Q, the quality factor, which is equal to 1/tan δ. Further discussion of 
this class of ceramic dielectrics is beyond the scope of this chapter. However, a brief 
review of these materials may be found in Reference 4.

In addition to simply measuring the dielectric constant and loss at a single fre-
quency at room temperature, measurement of these properties as a function of both 
of these parameters can lead to a more detailed understanding of the operative polar-
ization mechanisms. For most insulation applications, characterization of the resis-
tivity and dielectric breakdown strength of the dielectric is also important. These 
properties are characterized by measurement of the current–voltage (I–V ) behavior 
of the dielectric.5 Finally, the interrelationships between dielectric properties and 
microstructure are determined through the use of microscopy (optical and electron).6 
As will be seen in the section on thin fi lm devices, it is diffi cult to overemphasize the 
importance of using multiple characterization techniques to understand the reasons 
a given set of electrical properties is observed for a particular ceramic.
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232 ELECTRONIC AND MAGNETIC CERAMICS Chapter 12

Other, more recent higher technology insulation applications are based on the use 
of materials other than triaxial porcelains. One of the largest of these applications 
is the packaging of very large-scale integration (VLSI) circuits. VLSI or multilayer 
ceramic (MLC) technology involves co-fi ring of conductor and insulator layers to 
build up multilayer electronic modules, thus increasing overall circuit density.7 The 
ceramic used most frequently for these applications is 99% alumina (Al2O3). Since 
this material is prepared by a solid-state sintering process, ionic conduction processes 
associated with the mobile ion content of the glassy phase of triaxial porcelain insulators 
are not a consideration. Lower dielectric losses are therefore observed.8 Other materials 
that have been employed for packaging applications include beryllia (BeO)—useful 
because of its high thermal conductivity—and, more recently, aluminum nitride and 
glass-ceramics such as cordierite and cordierite/mullite composites.9, 10

For packaging applications, characterization of the electrical properties of sub-
strate materials, and determination of their suitability for a particular application, 
is similar to that discussed above.9, 10 Impedance analyzers are again typically used. 
Characterization of other material properties, such as thermal conductivity (for 
heat dissipation), is also important. The characterization of these other properties is 
addressed in other chapters in this volume.

Ceramic Capacitor Materials

Ceramic materials suitable for capacitor applications (i.e., charge storage) are also 
dependent on the dielectric properties of the material. For these applications, how-
ever, since the primary goal is to maximize charge storage, materials with high dielec-
tric constants are typically desired. Capacitance is defi ned as

where k ʹ is the dielectric constant, ε0 is the permittivity of free space, A is the elec-
trode area, and d the thickness of the dielectric. Although the dielectric constant is 
considered to be a fundamental material property, it is also dependent on factors 
such as measurement or use frequency, electric fi eld strength, stress, and temperature. 
Physical features of the ceramic, such as porosity and grain size, may also affect the 
observed dielectric constant.

There are a number of approaches, both mechanical and material related, for 
increasing absolute capacitance and capacitance volumetric effi ciency. These include

• preparing thin dielectric layers (see Equation 12.1)11

• using a multilayer approach—as with multilayer capacitors—to prepare structures 
with alternating electrode/dielectric layers, thus increasing the storage ability of 
the capacitor12

• using relaxor ferroelectrics—nonlinear dielectrics with high dielectric constants
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12.2 INSULATORS AND CAPACITOR MATERIALS  233

• preparing materials with large effective dielectric constants (k ≈ 10 000 to 60 000) 
by controlling the electric susceptibilities and resistivities of grain and grain 
boundary phases (for example, internal boundary layer capacitors—ILBCs)13

• using some combination of these approaches.

Since the 1940s, ceramic capacitors have typically been fabricated from doped 
barium titanate compositions, since these materials display dielectric constants 
greater than 2000. To achieve the desired room temperature dielectric constant and 
dielectric constant versus temperature characteristics, analysts add various substitu-
ents BaTiO3. For example, additions of strontium titanate to barium titanate shift 
the Curie point (that is, the temperature at which the ferroelectric to para-electric 
phase transition occurs, and the maximum dielectric constant is typically observed) 
to lower temperatures. Typical results are shown in Figure 12.1 for various SrTiO3–
BaTiO3 compositions.14 Barium titanate-based materials have also been used in mul-
tilayer confi gurations to achieve still greater capacitance effi ciencies.

More recently, because of their high dielectric constants (k ʹ > 20 000), lead-
based relaxor ferroelectrics have been used as capacitor materials. These ceramics 
have the general chemical formula Pb(B1,B2)O3, where B1 is typically a low-valence 
cation and B2 is a high-valence cation. Compositions used in capacitor applications 
are frequently based on lead magnesium niobate, Pb(Mg1/3,Nb2/3)O3, and lead zinc 
niobate, Pb(Zn1/3,Nb2/3)O3. Other substituents and modifi ers are added so that 
dielectric layers of these materials can be densifi ed at relatively low temperatures 
(∼900 °C). The low fi ring temperatures permit the use of relatively inexpensive co-
fi red electrode materials, such as silver. Typically, tape casting is used in the prepara-
tion of the dielectric layers.

The observed dielectric properties of the relaxor ferroelectrics are due to the 
compositional disorder of the B-site (B1, B2) cation distribution and the associated 

Figure 12.1 Effect of the barium titanate to strontium titanate ratio on the 
dielectric properties of barium titanate–strontium titanate compos-
ites. (After Reference 14.)
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dipolar and ferroelectric polarization mechanisms.4 Again, the dielectric properties 
of these materials are typically measured using an impedance analyzer. Of particular 
interest for these materials are the frequency dispersion of the dielectric properties 
and the dependence of the Curie transition temperature on frequency.

Other ceramic capacitors are based on the preparation of polycrystalline ceramics 
that possess grain and grain boundary phases with different resistivities and dielec-
tric constants. These internal boundary layer capacitor (IBLC) materials may be fabri-
cated with effective dielectric constants ranging from 20 000 to 60 000. The observed 
dielectric properties are the result of electric fi eld splitting between the grain and 
grain boundary phases, due to their different electrical properties.13 One technique 
that has been useful in characterizing the relationship between the dielectric properties 
of these materials and the underlying ceramic microstructure is electron probe micro-
analysis (EPMA). This technique has been used to determine the compositional varia-
tions across grain and grain boundary phases in these materials. Representative results 
for a bismuth-doped SrTiO3 capacitor material are shown in Figure 12.2a.13 The fi g-
ure shows that bismuth is preferentially located at the grain boundaries and extends 
slightly into the grains, which in this case were 20–60 μm in size. While bismuth 
gives rise to insulating characteristics at the grain boundaries, the incorporation of 
other dopants, which do not segregate to the grain boundaries, as well as the use 
of controlled processing conditions, produces grains that are semiconducting in 
nature. These features of the two phases, together with their relative thicknesses, 
result in the high dielectric constants observed for these compositions.

Using microscale electrical property measurements, it is possible to directly deter-
mine the effects of the compositional variations within the ceramic on the electrical 
properties of the grain and grain boundary phases.13 Results are shown in Figure 
12.2b for the I–V characteristics of the grain and grain boundary phases and for the 
bulk ceramic.13 As discussed, the resistivity of the grain boundary phase is several 
orders of magnitude greater than that of the grains. These results fi t the models that 
have been developed to explain the behavior of IBLC devices.15

12.3 Piezoelectrics

Under the application of an electric fi eld, all materials display a strain, that is, a slight 
change in dimensions. When the induced strain is proportional to the square of the 
electric fi eld intensity, it is known as the electrostrictive effect and is given by

S = ξE2 (12.2)

where ξ is the electrostrictive coeffi cient (m2/V2) and E is the applied electric 
fi eld (V/m). Materials that display the reverse effect, that is, an induced polariza-
tion resulting from an applied stress, are called piezoelectrics, and the phenomenon 
is referred to as the direct piezoelectric effect. Piezoelectricity is only observed in 
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12.3 PIEZOELECTRICS  235

materials which possess crystal structures that lack a center of symmetry and have one 
or more polar axes. Of the 32 crystal classes of materials, 20 display the piezoelectric 
effect. The piezoelectric response of a material may be described in terms of T, the 
applied stress, d, the piezoelectric coupling coeffi cient expressed in C/N, and D, the 
dielectric displacement, according to

D = dT (12.3)

which describes the direct piezoelectric effect. Piezoelectrics also display the reverse 
effect, that is, the development of a strain, S, under the application of an electric fi eld.

Figure 12.2 (a) Chemical composition across grain and grain boundary phases of 
bismuth doped SrTiO3 IBLC material. Bismuth is preferentially located 
in the grain boundary region. (b) Results of microscale electrical prop-
erty measurements of the current–voltage behavior of bulk, grain, 
and grain boundary regions of a SrTiO3 internal boundary layer 
capacitor. (After Reference 13.)
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This effect, called the converse piezoelectric effect, is expressed by:

S = d*E (12.4)

where d * is the converse piezoelectric coupling coeffi cient, expressed in m/V. 
Although not indicated, ξ, d, and d* are all tensor properties and, thus, are direc-
tional in nature. Since piezoelectricity is a fi rst-order effect and electrostriction is a 
second-order effect, the piezoelectric response of ceramics is typically much larger 
than their electrostrictive response.

Piezoelectric electromechanical coupling allows for the conversion of mechanical 
energy into electrical energy, or electrical into mechanical energy, and thus, defi nes two 
classes of transducer applications. Uses include, but by no means are limited to, hydro-
phones, microphones, and power transducers for ultrasonic cleaning baths.16 The most 
widely employed class of piezoelectric ceramics crystallizes in the ABO3 perovskite structure, 
where A is typically a low-valence cation and B is a high-valence cation. Materials used for 
transducer applications are typically based on compositions in the PZT (PbZrO3–PbTiO3) 
family. Since the materials are used in a polycrystalline form, the bulk ceramic must fi rst 
be uniformly polarized to observe the piezoelectric effect. This is frequently accomplished 
through poling (placing the ceramic in a high dc fi eld) after other processing is completed.17

Analysts typically determine the piezoelectric properties of materials by study-
ing the resonance characteristics of an appropriately shaped specimen subjected to 
a varied electric fi eld.4 Details of the experimental setup are given in References 18 
and 19. Investigations into the utility of PZT thin fi lms for micromotors and other 
devices are also in progress. Fundamental properties of these fi lms, such as piezoelec-
tric coupling coeffi cients, have been measured by laser interferometry.20

12.4 Pyroelectric Ceramics

Pyroelectrics are materials that possess a unique polar axis and are spontaneously 
polarized in the absence of an electric fi eld. Of the 20 crystal classes that display 
piezoelectricity, 10 exhibit pyroelectricity. Since pyroelectric ceramics are a subset of 
piezoelectric materials, they are also piezoelectric in nature. The polarization exhib-
ited by pyroelectric materials is also a function of temperature, and the change in 
polarization with temperature may be expressed by

ΔPi  = pi ΔT (12.5)

where ΔPi is the change in polarization, pi is the pyroelectric coeffi cient (Ccm–2K–1) 
and is a vector quantity, and ΔT is the change in temperature. In ferroelectric mate-
rials, which are also frequently used because of their pyroelectric properties, since 
the polarization varies dramatically at temperatures just below the Curie point 
(Tc), the highest pyroelectric coeffi cients are typically observed in that temperature 
range. However, from a device design standpoint, more constant values of pi  are 
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desired, and therefore, materials are typically chosen so that the operating tempera-
tures are well below Tc, where pi varies less with changes in ambient temperature.21

Since pyroelectric ceramics are also piezoelectric, a temperature change also 
induces a change in the polarization due to the secondary pyroelectric effect, which 
is described by the product of the thermal expansion strain times the piezoelectric 
coupling coeffi cient. While this secondary effect can be large in polymers due to their 
large thermal expansion coeffi cients, in ceramics, it is typically small compared with 
the (fi rst-order) pyroelectric effect.

The most common application that utilizes the pyroelectric behavior of ceramic 
materials is infrared detection, especially for long wavelengths (λ >2.5 μm).21 A sig-
nifi cant advantage to the use of pyroelectric ceramics in these applications is that 
these materials offer room-temperature device operation, unlike photon detector 
devices, which require cooling. The most frequently used ceramics for these applica-
tions are again the ABO3 perovskite ferroelectrics. Lead-based perovskites (in poly-
crystalline form), such as PST (lead scandium tantalate) or PZFN (lead zirconate 
iron niobate), have been extensively investigated and the effects of various additives 
on pyroelectric device performance have been characterized.22 Incorporation of these 
additives allows for optimization of properties such as dielectric constant and dielec-
tric loss. Material processing for device fabrication is described in Reference 21.

The pyroelectric properties of ceramics may be measured using a current ampli-
fi er and a heating source to heat or cool the sample at a controlled rate.4 With this 
approach, the measured current, IM , is approximately equal to the pyroelectric cur-
rent, expressed by

The pyroelectric coeffi cient may then be calculated from the measured current fl ow 
and the rate of temperature change.

From an applications standpoint, measurement of other properties, namely dielec-
tric constant and dielectric loss, again measured using an impedance analyzer, and 
Tc, which may be determined from k versus T measurements or by temperature 
dependent X-ray diffraction, allows for calculation of material and device fi gures of 
merit. These parameters are important in determining the suitability of a material 
for a particular application. Recently, pyroelectric coeffi cients and device perfor-
mance fi gure of merit have also been determined for solution-derived ferroelectric 
thin fi lms.23

12.5 Ferroelectric Ceramics

From the standpoint of crystal structure, ferroelectric materials are a further subset 
of pyroelectric and piezoelectric materials. As with pyroelectrics, ferroelectrics also 
display a spontaneous polarization in the absence of an applied electric fi eld. The 
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distinguishing feature of ferroelectrics, however, is that the spontaneous polariza-
tion must be reorientable under an applied electric fi eld of lower magnitude than 
the material’s dielectric breakdown strength. This behavior, the ferroelectric effect, is 
determined empirically.

The ferroelectric properties of materials are intimately related to their domain 
and crystal structures. In the most widely used class of ferroelectric ceramics, the 
ABO3 perovskite materials, the spontaneous polarization that occurs on cooling 
below the Curie transition temperature results from a crystal structure change from a 
centrosymmetric to a noncentrosymmetric structure. For example, on cooling from 
temperatures greater than ∼125 °C, BaTiO3 transforms from a cubic paraelectric 
structure to a tetragonal ferroelectric structure in which the B-site titanium ions are 
displaced slightly off-center. In BaTiO3, there are six equivalent directions in which 
the titanium may be displaced during this transformation. Since the displacement of 
the titanium species in one unit cell affects the displacement of the titanium species 
in neighboring cells, ferroelectricity is considered to be a cooperative ordering effect. 
This results in the formation of regions of homogeneous polarization in the material, 
referred to as domains, which typically encompass thousands of unit cells. Adjacent 
domains with different polarization directions are separated by domain walls that are 
typically a few unit cells thick. With cooling in the absence of an electric fi eld, the 
domains are randomly oriented, and the net polarization of the material as a whole 
is thus zero. The domains may become oriented with the application of an electric 
fi eld, however, as discussed below.

Another distinguishing feature of ferroelectric behavior is the polarization versus 
electric fi eld (P–E) hysteresis loop. The hysteresis loop results from the domain reori-
entation which occurs as the electric fi eld direction is varied. The size and shape of 
the loop is determined by the magnitude of the dipole moment of the unit cell and 
the domain-switching characteristics of the material. Hysteresis loop behavior is mea-
sured using either a Sawyer–Tower circuit or a Diamant–Pepinsky bridge. Details of 
the construction and operation of a Sawyer–Tower circuit are given in Reference 24. 
Thin fi lm properties have also been measured with these two devices, and in addi-
tion, a commercially available measurement system has been widely used.25

Relatively few applications have utilized the ferroelectric effect in ceramics. Ferro-
electric ceramics have been widely employed because of the other properties that they 
display, however. Their dielectric, piezoelectric, and pyroelectric properties have led 
to their use in capacitor, actuator and other piezoelectric applications, and infrared 
detection devices. Again, the most widely used materials are the lead-based ABO3 
perovskite compounds.

12.6 Ceramic Superconductors

Superconductors are materials that display two unique properties at temperatures 
below Tc, the superconducting transition temperature: (1) they must become 
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diamagnetic, that is, they must expel an externally applied magnetic fi eld, and (2) 
the electrical resistivity must decrease to zero. Historically, superconductivity—the 
tendency of a material to display essentially no resistance to current fl ow below a 
given temperature—was observed in metallic elements and in metal alloys.4 In 1986, 
however, Bednorz and Müller reported on their observations of superconductivity in 
(La,Ba)2CuO4, which displayed the transition to the superconducting state at ∼35 K.26 
This discovery, which resulted in a Nobel prize, was extraordinary for two reasons. First, 
it demonstrated that in addition to metal alloys, ceramic materials were also capable of 
superconductivity at comparatively high temperatures. Second, the reported supercon-
ducting transition temperature, Tc , was the highest yet observed for any material.

Bednorz and Müller’s report on superconductivity in (La,Ba)2CuO4 stimulated 
research on related ceramics in laboratories worldwide and quickly led to the discov-
ery of other ceramic compounds with even higher transition temperatures, includ-
ing Bi2CaSr2Cu2Ox , Tc ≈ 80 K; YBa2Cu3O7 – δ, Tc ≈ 93 K; and Tl2Ca2Ba2Cu3Oy , 
Tc ≈ 125 K. Other bismuth and thallium-based superconductors have also been 
reported. The observed superconducting properties of these materials are related to 
their underlying crystallographic features and to the oxygen vacancy content. These 
material features impact the nature of the copper–oxygen layers, which largely defi ne 
the electronic properties of the cuprate superconductors.27

Ceramic superconductors have been prepared in powder, thin fi lm, and single-
crystal form by a variety of approaches. Powders have been prepared both by tradi-
tional mixed oxide processing methods28 and by chemical coprecipitation.29 Bulk 
ceramics are then prepared from these powders by techniques such as pressing and 
extrusion. Single crystals have been prepared by fl ux growth,30 and thin fi lms have 
been prepared by laser ablation,31 sputtering,32 and chemical solution deposition.33 
Epitaxial growth of YBa2Cu3O7 – δ has been demonstrated and weak-link Joseph-
son junction devices have been developed.34 Other applications for these materi-
als include superconducting quantum interference devices (SQUIDs) and magnetic 
resonance imaging (MRI) systems for the medical industry.

A variety of techniques has been used in the characterization of these materials. 
Superconducting transition temperatures and the magnetic susceptibility measure-
ments (i.e., confi rmation of the Meissner effect) are studied through the use of a 
SQUID magnetometer. Electric property characterization usually involves a simple 
measurement of the resistance of the sample. Finally, high-resolution transmission 
electron microscopy has also been widely employed in the characterization of these 
materials to aid in understanding their complex crystal structures.35

12.7 Ferrites

Magnetic ceramics may be divided into one of three different classes depending 
upon the type of crystal structure and magnetic properties that they display. The 
three classes of magnetic ceramics include the spinel ferrites, the hexagonal ferrites 
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and the rare earth ferrites, that is, the garnet materials. Because of the different mag-
netic properties that they display, the three classes of ferrite materials are used for a 
wide range of different applications.

Ferrimagnetic ceramics display a number of properties analogous to those dis-
played by ferroelectric ceramics. The most notable of these properties are hyster-
esis and Curie behavior. As for ferroelectrics, ferrimagnetic materials exhibit a Curie 
transition temperature—a temperature at which, on cooling, the material transforms 
from the paramagnetic to the ferrimagnetic state. At this temperature, as with fer-
roelectrics, regions of homogeneous magnetization called domains form within the 
material. One substantial difference between the domain structure of ferroelectric 
and ferrimagnetic materials is the domain wall thickness. In ferrimagnetic materials, 
the domain wall thickness is typically 10–100 nm, since the magnetization cannot 
change discontinuously at the boundary.4

The hysteresis loops observed for ferrites serve to describe the B (magnetic induc-
tion)–H (magnetizing fi eld) behavior, as shown in Figure 12.3. The size and shape of 
the hysteresis loop observed for a particular compound results in a further descrip-
tion of ferrites as either hard or soft. Hard materials are diffi cult to demagnetize: a 
large magnetic fi eld is required to switch the magnetic induction of the material. 
Because of this feature of these materials, they are successfully used in permanent 
magnet applications, such as motor and loudspeaker magnets, where demagnetiza-
tion is undesirable. These materials usually possess coercive fi elds of greater than 
150 kAm–1, as well as large magnetizations. A general chemical formula for hard 
ferrite materials is Me O·6Fe2O3, where MeO is a divalent oxide and Me is usually 
Sr or Ba. Because these materials crystallize in a hexagonal structure, they are fre-
quently called hexagonal ferrites, or simply hexaferrites.

Other widely used magnetic ceramics, the soft ferrites, display quite different 
ferrimagnetic properties than the hard ferrite compounds. These materials show 
more square B–H hysteresis loops and display coercive fi elds that are typically below 
500 Am–1. They are therefore used in applications requiring switching. These appli-
cations include telecommunications, low-power transformers, recording heads, and 
magnetic recording media.36 The soft ferrites crystallize in the spinel structure and 
possess the general formula, MeFe2O4, where Me is usually Ni, Co, Mn, or Zn. The 
observed magnetic properties are due to the magnetic properties of the cationic spe-
cies and the antiferromagnetic coupling between the cations on the two different 
crystallographic sublattices.

As with a number of the other ceramics discussed, ferrites are most often pre-
pared by traditional processing methods using oxide and carbonate precursors of 
the various cations. Doping and fi ring atmosphere control are also frequently used, 
depending on the particular application, to improve specifi c material properties, such 
as resistivity.37

The magnetization behavior (B versus H) of ferrite ceramics may be measured by 
an induction method. Other properties frequently measured are initial permeability, 
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saturation fl ux density, core loss, magnetic loss factor, and electrical resistivity, since 
it determines eddy current loss in the material.36

12.8 Ceramic Sensors

Ceramic sensors are devices that provide environmental feedback by transforming a 
nonelectrical input into an electrical output. The applications for which these devices 
are used are widely varied. A brief list includes the use of sensors to determine the 
concentration of various gases, such as oxygen and carbon monoxide, temperature 
measurement devices, and pressure, radiation, and humidity sensors.38 Sensors 
have also become widely used in automotive applications.39 In manufacturing, 
because of the increasing need for waste minimization, process control, and environ-
mentally conscious manufacturing, the increasing emphasis on sensor use and devel-
opment is likely to continue to expand.40 The use of feedback loops in conjunction 
with sensors for process control/optimization has also increased in recent years.

Sensor performance for different applications is defi ned by various features of the 
ceramic.38 For example, the electrical output of most pressure sensors is dependent 
on the bulk piezoelectric properties of a PZT ceramic. Oxygen gas sensor perfor-
mance is defi ned by the conductivity behavior of ZrO2 ceramics, which is in turn 
dependent on the oxygen vacancy content of the material. The performance of still 
other sensors, for example, ceramic thermistors, is dependent on the grain boundary 
characteristics of doped BaTiO3 ceramics. For humidity sensors based on NiO/ZnO, 
the p–n junction characteristics of the interface defi ne sensor performance.

In general, it may be stated that the performance characteristics of a particular 
sensor are dependent on the bulk, grain boundary, interface, or surface properties 

Figure 12.3 Typical B (magnetic induction) 
versus H (magnetizing field) 
hysteresis loop behavior for a 
ferrite material.
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of the material.38 Further, the relationship between the electrical output of the sen-
sor and a given change in the environmental variable, that is, the nonelectrical input, 
exists because the change in pressure, temperature, gas concentration, etc., deter-
mines the charge generation and transport in the material.

To develop new sensors effectively requires an understanding of the underlying 
solid-state chemistry and physics of materials. It is also essential for the analyst to 
understand how processing conditions—namely, dopant incorporation and heat-
treatment atmosphere—can be controlled to defi ne material chemistry. For example, 
in the processing of thermistors, these two processing parameters are manipulated to 
produce a material with semiconducting grains and insulating grain boundaries. The 
result is a material that displays an increase in resistivity of several orders of magni-
tude at a particular temperature.

As expected from the above discussion, a variety of techniques is utilized in the 
characterization of sensor materials. One property frequently studied is the conduc-
tivity or resistivity of the material as a function of a second parameter, such as tem-
perature, or the pressure or concentration of a particular gaseous species. In gas con-
centration-sensing applications, other properties of the material, such as gas trans-
port, are also critical for device performance and must also be characterized.

12.9 Ceramic Thin Films

One rapidly growing area of materials development is ceramic thin fi lms. Materials 
have been developed for a wide range of applications, including chemical sensors,41 
coatings,42 membranes,43 and a variety of electronic devices.44 These later applica-
tions, which are perhaps less developed than the other applications mentioned, to 
date have focused on both ferroelectric and superconducting ceramics. The work on 
Josephson junction devices has been already discussed. A larger area of investigation 
has been the development of ferroelectric ceramic thin fi lms for use as nonvolatile 
memory devices, decoupling capacitors, and optical storage media,45 among others.

The successful development of these thin fi lms for device applications requires that 
two goals be met: (1) the preparation of materials with device quality characteristics 
and (2) for certain applications, successful integration of the thin fi lm with underly-
ing silicon circuitry, without degradation of circuitry performance characteristics. A 
number of analytical characterization techniques have been employed to study fi lm 
preparation and thin fi lm–device integration issues. Some of these techniques and 
their applicability in characterizing ferroelectric thin fi lm device preparation will be 
briefl y discussed.

Ferroelectric thin fi lms which are being developed for nonvolatile memory ap-
plications are most often based on the use of solution-deposited lead zirconate 
titanate (PZT).44 Solution deposition generally involves the following steps: (1) 
preparation of the precursor solution from metal alkoxide and carboxylate com-
pounds; (2) the tailoring of solution characteristics such as solids content, viscosity, 
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and concentration; (3) fi lm deposition by spin-casting or dip-coating; (4) heat treat-
ment of the deposited fi lm for organic pyrolysis; and (5) heat treatment at higher 
temperatures to induce densifi cation and crystallization into the desired perovskite 
structure.46 The resulting dielectric and ferroelectric properties of fi lms prepared by 
this process have been observed to depend on the parameters used during each phase 
of the fabrication process. For example, fi lms prepared from solutions utilizing dif-
ferent precursors and different solvents have been noted to display dramatically dif-
ferent electrical properties.46

One technique that has been employed in an attempt to understand the reasons 
for these differences is nuclear magnetic resonance (NMR) spectroscopy.47 Results 
are shown in Figure 12.4 for a 13C NMR study of one solution preparation process. 
In this process, alkoxides of zirconium and titanium are combined with lead acetate 
in an acetic acid and methanol mixture. The resonances that are observed in the 
NMR spectrum allow for an understanding of the reactions occurring during solu-
tion preparation. First, the presence of ester resonances indicates that an esterifi ca-
tion reaction has occurred. In this reaction, the free alcohols that are present have 
reacted with acetic acid to form methyl-, isopropyl-, and n-butyl-acetate. Another 
byproduct of this reaction is water, which can subsequently initiate hydrolysis and 
condensation reactions of the alkoxide precursors. Other NMR studies have shown 
that, in addition to the esterifi cation reaction, acetic acid also acts as a chemical 
modifi er, chelating the metal alkoxides and replacing the alkoxy ligands initially 
present.47 This result is important because the metal oxo-acetate species formed in 
this reaction is expected to exhibit different solubility characteristics than the start-
ing alkoxide compounds. By using NMR spectroscopy, it has thus been possible to 
determine the role of different reactants involved in the solution preparation process, 
study the nature of the by-products formed, and speculate on the nature of the PZT 
solution species formed.47

In addition to studying the initial solution preparation phase of the fi lm fabri-
cation process, researchers have used other techniques to investigate the structural 
evolution of the thin fi lm, from the amorphous phase through the metastable pyro-
chlore phase into the stable ABO3 perovskite crystal structure.48 One such technique, 
which has been developed to study the phase constitution of the PZT thin fi lms, 
is glancing angle X-ray diffraction. Results are shown in Figure 12.5. By using this 
technique, analysts have found it possible to determine that a residual pyrochlore 
phase, which does not transform to the stable perovskite phase, is present under 
certain preparation conditions. Further, by using multiple incidence angles, ana-
lysts found it possible to develop a phase constitution versus depth profile for the 
film, which showed that, in addition to the residual pyrochlore phase that was 
present in the surface region of the film, a minor perovskite phase was present 
in this region.48

Analysis of these specimens by transmission electron microscopy (TEM) yielded 
identical results to glancing angle X-ray diffraction, which are shown in Figure 12.6a. 
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In this cross-sectional specimen, it can be seen that the residual pyrochlore phase 
extends across the entire surface of the fi lm.47 The presence of this layer results in a 
degradation of the electric properties of the fi lm due to a series dilution effect; that is, 
the pyrochlore phase has a low dielectric constant compared to the perovskite phase, 
and in addition, is nonferroelectric. In a planar specimen, prepared by thinning from 
the backside, it is possible to use selected area electron diffraction (SAED) to identify 
the two phases. Results are shown in Figure 12.6b and c.

Figure 12.4 13C NMR spectrum of a PZT 53:47 sol–gel precursor solution: 
(a) carboxylic region and (b) aliphatic and proton region (E = methyl, 
i-propyl, or n-butyl; X = H or metal).47
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Figure 12.5 Phase distribution versus depth in sol–gel derived PZT 53:47 thin 
films as determined by glancing angle X-ray diffraction. (a) Diffrac-
tion trace of the (111) perovskite peak from ~350 Å; an obvious 
shoulder due to a minor perovskite phase with slightly different 
chemistry than the main phase is evident. (b) Diffraction trace of the 
(111) perovskite peak from ~2320 Å; the minor phase peak is dimin-
ished compared to the main peak. A peak to due the underlying Pt 
electrode (~40.0°) is also evident. (After Reference 48.)

Pyrochlore compounds are, in general, lead defi cient compared to the desired 
ABO3 perovskite phase. To enhance formation of the perovskite phase, excess lead 
is typically incorporated in the precursor solution to compensate for the lead loss 
which occurs during heat treatment, due to its high volatility.46 The lead loss that 
occurs for different fi ring temperatures has been studied by electron probe micro-
analysis (EPMA). Results are presented in Figure 12.7.49 As would be predicted, 
higher lead losses are observed for the higher fi ring temperatures. Because of this 
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Figure 12.6 (a) Bright field TEM photomicrograph47 and corresponding electron 
diffraction patterns for (b) pyrochlore and (c) perovskite phases in a 
diphasic PZT 53:47 thin film.

Figure 12.7 Electron beam microprobe analysis of Pb, Zr, and Ti stoichiometry as 
a function of heat-treatment temperature for sintered PZT thin films 
(2 h anneals). Lead loss is enhanced at higher annealing tempera-
tures. (After Reference 49.)
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behavior, frequently, in the processing of PZT fi lms for ferroelectric applications, a 
compromise is required in the choice of the fi ring temperature used for fi lm crystal-
lization. A temperature high enough to promote grain growth and thus improve the 
ferroelectric properties, yet low enough to minimize lead volatility, is selected. Also 
along these lines, solution chemistry may be manipulated to impact perovskite crys-
tallization behavior, development of ferroelectric properties, and lead loss. This may 
simply involve the incorporation of an excess of the lead precursor, or a tailoring of 
the solution chemistry to yield fi lms with lower densifi cation and perovskite crystal-
lization temperatures.

The second important aspect of device preparation involves integration of the 
ferroelectric thin fi lm with underlying silicon or gallium arsenide circuitry. Two 
common problems that must be solved for successful integration of the fi lm onto 
a semiconductor device are the interdiffusion which occurs between the substrate 
and the ferroelectric thin fi lm, and the degradation of the initial as-deposited elec-
trode stack, which may occur with subsequent heat treatment of the PZT thin fi lm. 
Several techniques, including SIMS (secondary ion mass spectrometry) and RBS 
(Rutherford backscattering) have been used to study these aspects of the fabrica-
tion process. Results are illustrated in Figure 12.8 for the SIMS analysis of a sol–gel 
deposited lead titanate layer on GaAs.50 Even though this fi lm was crystallized using 
a rapid thermal processing (RTP) approach and an encapsulant layer, it is evident 

Figure 12.8 SIMS analysis of a PbTiO3 thin film on encapsulated GaAs. (After 
Reference 50.)
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that there is still some interdiffusion of the substrate and fi lm species. This may result 
in a degradation of both the fi lm and semiconductor properties.

Degradation of commonly used electrode stack confi gurations during PZT fi lm 
heat treatment have also been observed by RBS, as presented in Figure 12.9.51 The 
results indicate that there is formation of a titania phase within the platinum top 
layer due to diffusion of titanium from the titanium adhesion layer and diffusion of 
oxygen from the surface of the fi lm. If the formation of this phase becomes exten-
sive, the conductivity of the platinum electrode can be substantially diminished. The 
use of several of these analytical techniques in conjunction with one another can 

Figure 12.9 RBS spectra of a typical electrode stack in a substrate used for a thin 
film ferroelectric capacitor device. Results are shown for the effects 
of annealing the substrate at 800 °C for 10 min on the Pt, Ti, and O 
profiles.51
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be used to prepare a picture of the integrated PZT thin fi lm. Such a picture, shown in 
Figure 12.10, can be used to understand thin fi lm-semiconductor integration prob-
lems and modify processing conditions to improve device performance.48
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Nondestructive Evaluation

lynn neergaard
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13.1 Introduction

“Those who break a thing to fi nd out what it is made of have left the path 
of wisdom.” —J. R. R. Tolkien.

In metallurgical practice, it is possible to evaluate nondestructively the size and 
severity of defects. This allows prediction of lifetimes and removal of severely fl awed 
parts from the product stream. Metal parts for which reliability is a critical issue are 
routinely evaluated. Nondestructive evaluation (NDE) consists of the prediction of 
properties based on a series of disciplines (see Table 13.1). First, the size, position, 
and orientation of defects are measured. Then, theoretical models relating defect 
characteristics to property degradation are used to predict material properties.

For the past 20 years it has been a goal in the ceramics community to use NDE 
techniques to predict lifetimes and to remove severely fl awed ceramic parts. Several 
advantages will accrue from successful routine NDE of ceramics. It is diffi cult to sell 
products that have been broken, so destructive testing reduces production yields. 
With NDE, on the other hand, each component manufactured can be tested. It 
is also useful for a manufacturer to be able to guarantee his product for a given 
lifetime. NDE allows components that are likely to fail (i.e., components with 
large fl aws) to be removed from the product stream. In research and development 
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Technique Speed Resolution
Sample 

Limitations
Enhancement 
Techniques

Information 
Available

X-ray 
transmission

Very 
fast

25 μm for 
high density, 
100 μm for 
low density

Rough surfaces 
and thick 
samples limit 
resolution

Penetrant dyes, 
low frequency 
X-rays

Presence of internal 
fl aws, especially high-
density inclusions

X-ray 
tomography

Very 
slow

0.02 × 0.02 
× 2.0 mm

Speed inversely 
proportional 
to size

Penetrant dyes, 
low frequency 
X-rays

Position of dense 
inclusions and surzface 
connected features

Time-of-fl ight 
ultrasonics

Fast 100 μm at 100 
MHz

Parallel re-
fl ecting surface 
preferreda

Laser ultrasonics Position of density 
fl uctuations

Ultrasonic 
spectroscopy

Fast 100 μm —a Laser ultrasonics Presence of small, 
uniformly distributed 
fl aws

Scanning 
laser acoustic 
microscopy

Slow 25 μm —a,b Quadrature 
synchronization

Position of 
delaminations, 
undensifi ed regions

Acoustic 
microscopy

Very 
slow

25 μm Must be 
immersible

Computer data 
analysis and 
display

Position of internal 
porosity

Ultrasonic 
birefringence

Slow 60 MPa Minimum 
thickness 
required

Various Residual stress

Optical 
birefringence

Very 
fast

55 MPa Must be 
transparent

Shorter wave-
lengths for 
optically opaque 
specimens

Average residual stress 
through the volume

Photo acoustic 
microscopy

Fast 1 μm Only polls the 
surface

Mirage effect Position of coating 
delaminations, and 
surface-connected 
cracks

Infrared 
microscopy

Very 
fast

> 25 μmc —b — Presence of 
delaminations, 
undensifi ed regions, 
and inhomogeneities

Acoustic 
emission

Slow One event Minimal — Presence of irreversible, 
destructive processes

Shearography Fast > 10 μmc Most useful 
for laminar 
composites

— Delaminations

X-ray 
diffraction

Slow 40 MPa Only polls the 
surface

Position-sensitive 
detector

Residual stress near the 
surface

aSurface–transducer contact necessary.
bComplex shapes present data analysis diffi culties.
cDependent on distance below the surface.

Table 13.1 Nondestructive evaluation techniques.
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work, NDE allows one to repeat a test on the same specimen to ascertain the effi cacy 
of a sequence of processing treatments (hot isostatic pressing, for example), or to 
predict loss of strength resulting from mechanical abuse. In-service damage can also 
be monitored to predict failure of critical components.

Attainment of the preceding goals requires the development of reliable, high-reso-
lution NDE techniques. Because of the brittle nature of ceramics, fl aws leading to 
crack propagation within design load limits (critical fl aws) are extremely small. For 
example, the critical size for an atomically sharp Griffi th fl aw in an alumina ceramic 
subjected to a 500 MPa stress is 65 × 10–6 m or 65 μm. In most cases, equipment 
used for the NDE of metals does not have suffi cient resolution to image these fl aws 
in ceramics.

There are a number of quantities which may be easily measured without destroy-
ing the sample. Examples include color, mass, and temperature. NDE, however only 
refers to those nondestructive techniques which are alternatives to destructive tech-
niques—specifi cally, measurement of mechanical strength and residual stress. Stan-
dard strength tests generally consist of fabricating mechanical testing coupons and 
loading them to failure. In destructive residual stress techniques, material is removed 
and strain is measured using surface strain gages. Examples are hole drilling, ring 
core drilling, and sectioning. Residual stress is calculated using Hooke’s law and a 
knowledge of the elastic moduli. The high stiffness of ceramics reduces the sensitivity 
of destructive and nondestructive residual stress measurements.

NDE of components to predict strength and useful lifetime requires that fl aws be 
detected and characterized. Flaws in ceramics fall into three categories: pores, inclu-
sions, and cracks. Any of these fl aws may be interior or surface. Smooth pores cause 
little stress concentration, but cracks in the interior surface of pores cause great 
stress concentration. It is important, therefore, to be able to characterize the sur-
face texture of pores, as well as their size. At present, there are no techniques that 
can do this. It is therefore most conservative to assume that the interior surfaces 
of all pores are covered with atomically sharp cracks. Inclusions can cause hoop 
or radial stresses upon cooling, depending on the relative thermal expansion coef-
fi cient. If these stresses are suffi ciently high, cracks may be associated with inclu-
sions. Cracks are always effective stress concentrators; as such they are relatively 
easy to characterize, once detected.

13.2 X-ray Techniques

Radiography

Radiography refers to the production of an image of a part and its internal defects 
by passing penetrating radiation (X, gamma, beta, neutron) through the part and 
exposing a photographic fi lm. The advantages of radiography are that it detects 
internal defects, it can be used with complex shaped objects, and it gives real-time 
images. Radiographs must be taken from multiple angles to ascertain fl aw positions, 
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geometries, and orientations. X-ray radiography is the most popular type of radiog-
raphy because it is relatively portable and because the equipment does not produce 
radiation when not energized. Although the comments in this section are specifi c to 
X-ray radiography, they apply to all kinds of radiography.

X-ray radiography is similar to a chest X-ray because it measures X-ray absorp-
tion, which is a function of density and composition. Pores, cracks, inclusions, and 
undensifi ed regions cause variations in density. The X-ray absorption of fully dense 
ceramics is signifi cantly less than that of metals. Metallic inclusions in ceramics can 
therefore be seen easily, but the contrast of pores and cracks is low. As a result, 
X-radiography can image metallic inclusions in ceramics down to 25 μm and cracks 
and pores down to 100 μm.

Resolution of cracks and pores exposed to the surface can be enhanced using radi-
ation opaque penetrant dies. Opaque dies can also be used to differentiate between 
low-density inclusions and surface-connected pores. Suppose a surface-connected 
feature is observed that has lower X-ray absorption than the rest of the material. After 
it is soaked in dye, a pore will have a higher X-ray absorption than the background, 
while the absorption of a low-density inclusion will not change.

Enhanced resolution (on the order of tens of microns) may be had by using micro-
radiography. Microradiography requires low-energy X-rays, thin samples, and high-
resolution fi lm. Resolution may also be enhanced by digitizing the radiographs for 
image processing.

Tomography

Computed tomography (CT) gives a three-dimensional map of X-ray absorption as 
a function of position. This map is displayed slice by slice, as digitized two-dimen-
sional sections through the volume. Resolution of tomography is often reported 
as the size of the picture element, or pixel. The slice thickness is also important, 
so the resolution should be reported as the size of the volume element, or voxel. 
Each voxel represents the average linear X-ray absorption in a volume of material. 
Low absorption indicates an undensifi ed region, a pore, a low-density inclusion, or 
a crack. For advanced ceramics, uniform density is a necessary but not suffi cient 
condition for quality. Although it is slower than radiography, tomography is more 
reliable in thick, rough, or variable cross-sectional specimens, where radiography 
may not resolve small or low-contrast features. Tomography is reliable only for 
detecting large defects (e.g., a 50-μm-wide crack in a 1-cm-thick specimen), but 
not critical fl aws. Voxel resolution is limited by the ability to collimate the X-ray 
beam. For well-collimated beams, voxel resolutions of 0.02 × 0.02 × 2.0 mm have 
been reported,1 implying that resolutions of 0.02 × 0.02 × 0.02 mm are possible. 
The disadvantage of this microtomographic technique is that collection time for 
a single slice with area 1 × 1 mm is 8 h. Computed tomography is extremely slow 
and cannot be used for routine testing in most production settings, but it is useful 
for measuring the internal morphology of complex structures.2 Co-fi red multilayer 
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ceramic packages, multilayer capacitors, laminated ceramic matrix composites, and 
co-fi red fuel cells are examples of complex ceramic structures.

Analog tomography consists of moving the fi lm and source in opposite directions 
to blur all but one plane of the specimen. Analog tomography is as inexpensive as 
radiography, but the image is blurred and has low contrast because a digital fi lter 
cannot be used. This diffi culty can be avoided by digitizing the resulting image and 
using post fi ltering. The resolution of analog tomography is 0.2 × 0.2 × 1 mm.

13.3 Ultrasonic Techniques

Background

The power of ultrasonic NDE is that ultrasonic waves are mechanical vibrations. 
As such, they are infl uenced by the same microstructural features that infl uence 
mechanical properties. In ultrasonic NDE, a very high-frequency wave is introduced 
into a medium. This wave is refl ected by fl aws larger than or approximately the same 
dimension as the wavelength. Either the refl ected wave or the transmitted wave is 
detected and analyzed. For refl ected waves, a transducer emits a pulse into the mate-
rial, which is detected on the same side of the sample. Detection is accomplished 
by either the same transducer (pulse echo) or another transducer on the same side 
(pitch–catch). This mode is useful for time-of-fl ight measurements of fl aw size and 
position. For transmitted waves, the receiving and transmitting transducers are on 
opposite sides of the sample. This mode is useful for absorption measurements. The 
sensitivity of both modes can be changed by adjusting frequency.

The speed of sound in an elastic medium is a function of elastic modulus and 
density as follows: v = (E /ρ)1/2, where v is velocity, E is modulus, and ρ is density. 
Because ceramics are stiffer and less dense than metals, the speed of sound in ceram-
ics is greater than in metals. For example, the speed of sound in iron is 5.13 mm/
μs, compared to 9.78 mm/μs in alumina. This means that, at the same frequency, 
the wavelength is greater in a ceramic and the resolution essentially halved. This 
diffi culty and the fact that critical fl aws in ceramics are much smaller than those in 
metals mean that frequencies between 10 and 100 MHz are required for ultrasonic 
evaluation of ceramics.

There are three different methods of displaying ultrasonic data: A-scan, B-scan, 
and C-scan. Because the received signal is displayed as a function of time, A-scan dis-
play is essentially one-dimensional. The transducers do not move, and only material 
which is in the ultrasonic beam is polled. This type of display is useful for measuring 
absorption as a function of frequency, density, and elastic moduli.

B-scan display is essentially two-dimensional. The pulse–echo elapsed time is con-
verted to distance beneath the surface. As the transducer is scanned across the surface, 
internal defects refl ect the wave, as does the opposite surface. From these refl ections, 
an image is generated of a slice of the material. Note that the depth resolution is on 
the order of tens of microns, but the resolution parallel to the surface is equal to the 
transducer size. Thus, if the precise position of defects in the plane parallel to the 
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surface is important, transducer size must be minimized. B-scan is useful for detec-
tion and characterization of fl aws.

C-scan ultrasonics, or ultrasonic microscopy, is essentially a three-dimensional 
technique. The transducer is rastered across the sample surface in the same pattern 
as the electron beam in a television. Information on the depth of fl aws beneath each 
position on the sample surface is recorded and stored in a computer. The computer 
then allows projection of the three-dimensional network of fl aws onto the screen. 
The image is usually rotatable to take advantage of the dimensionality of the data. 
C-scan may be used to characterize and display the complete fl aw distribution in 
a sample.

Ultrasonic Time of Flight

Time of fl ight may be used to measure local density fl uctuations. In a chemically 
homogeneous ceramic, changes in velocity result from differences in density and 
modulus caused by undensifi ed regions. For dry-pressed bodies, sound velocity has 
been found to relate to density by the equation3: ρ = αv1/3, where ρ is density, v is 
velocity, and α is a function of the material and the amount of interparticle contact. 
Furthermore, as a powder is dry-pressed, sound velocity increases with pressure. Thus 
time-of-fl ight ultrasonics can be used to monitor the dry-pressing process.

Another use of time-of-fl ight ultrasonics is measurement of fl aw size and position. 
The ultrasonic wave will be refl ected by any feature which has a signifi cant imped-
ance mismatch with the host material. This includes the sample surface, internal 
pores, cracks, and inclusions. If a pulse–echo transducer is scanned along a line on 
the surface of the specimen, the output may be displayed as a B-scan. The effect is 
similar to sectioning the material mechanically and observing it under a microscope. 
Flaw-detection sensitivity is on the order of the wavelength of the ultrasonic signal. 
For Si3N4, a typical ceramic, the frequency must be at least 100 MHz to detect fl aws 
of 100 μm.

A material absorbs ultrasonic energy at a different rate for different frequencies. 
A constructive use of this phenomenon is ultrasonic spectroscopy, covered in the 
next section. Another consequence is that a single spike pulsed into the sample for 
time-of-fl ight measurements is distorted during transmission. This makes it diffi cult 
to time the interval between echoes precisely. A continuous sine wave is a single 
frequency, but it interferes with itself upon refl ection. A compromise is found in a 
tone burst, a sine wave applied for a short time.

For interference to be avoided, the duration of the tone burst must be less than 
the echo transit time. This means that fl aws within a distance equal to one half 
of the tone burst duration of the surface cannot be resolved. In some applications 
(in torsion and fl exure) the surface stresses are greater than the interior stresses, so 
surface fl aws are of interest. Near-surface defects can be detected using a surface 
ultrasonic wave. One geometry for the generation of surface ultrasonic waves is 
shown in Figure 13.1. Surface waves refl ect from surface-exposed defects in exactly 
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the same way that volume waves interact with interior defects. Any defect within one 
wavelength of the surface may be detected and characterized using surface waves.

Ultrasonic Spectroscopy

All materials absorb sound to a certain extent. Those fl aws which are signifi cantly 
smaller than the ultrasonic wavelength will not refl ect the incoming energy. Flaws 
larger or approximately the same size as the wavelength will refl ect the energy, leading 
to reduced transmission. The principle is similar to the observed opacity of a foam 
such as meringue. Neither component of meringue (egg whites or air) is opaque, but 
there are enough refl ecting surfaces in the meringue to cause it to appear opaque. 
Similarly, those samples or sections of sample that have more refl ectors will refl ect 
the ultrasonic signal away from the receiving transducer. As a result, attenuation in a 
given material is greater for larger defects and shorter wavelengths.

In ultrasonic spectroscopy, a single pulse (consisting of a broad spectrum of fre-
quencies) is input, and a Fourier transform is performed on the received pulse. Losses 
due to spreading and sample/transducer impedance mismatch must be either cal-
culated or compared to a standard and corrected for. One method of correcting 
for these sample-independent absorptions is to compare attenuation as a function 
of frequency in the test piece (α) to that in a standard, such as SiO2 glass (α0). 
High relative attenuation at high frequencies indicates many inhomogeneities the 
same scale as the wavelength. This indicates either course grain size or high poros-
ity. If one assumes small grain size and either a spherical or cylindrical pore geom-
etry, pore volume and average pore size can be estimated from the frequency versus 
attenuation plot.4 Using this method, one can map the porous and large grain areas 
of a sample. These microstructural fl aws may not be critical if they are in areas of 
low design stress. Although specifi c fl aws cannot be imaged using ultrasonic spec-
troscopy, it is useful to check and to improve a production process. Ultrasonic 
spectroscopy can be used on green ceramics, but because they have high poros-
ity they will exhibit high absorption. High attenuation also makes this technique 
unattractive for thick green samples. For go/no-go inspection, the frequency may 

Figure 13.1 Schematic of ultrasonic setup for the generation and detection of 
surface waves. (From Roberts et al.4)
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be tuned to pick up critical fl aws, then only the received amplitude need be mea-
sured. Small (subcritical) fl aws will not refl ect the wave.5

Ultrasonic analyses are generally performed using a piezoelectric transducer to gen-
erate and detect the ultrasonic wave. Recently, techniques have been developed to 
generate and detect ultrasonic waves without contacting the sample. These techniques 
allow elastic constants to be measured at elevated temperatures, densifi cation to be 
monitored, and microcracking due to thermal fatigue to be characterized. One of these 
noncontact methods is to generate and detect the ultrasonic wave with a laser.6

From the foregoing discussion it is apparent that there is a need for small transduc-
ers and short excitation lengths. Laser techniques also have the advantage of better 
spatial resolution. A short laser pulse impinging on the sample surface produces, in 
a small area, a single ultrasonic spike of picosecond duration. This picosecond pulse 
provides high resolution and enables analysts to study fi lms of submicron thickness. 
At low power, the laser produces transient surface heating, which results in a tangen-
tial stress, generating a shear wave in the material. At higher power, some ablation 
takes place, a normal stress is produced, and a compression wave is generated.7 A 
laser interferometer may be used to measure surface defl ection caused by the return 
of the wave. One disadvantage of this technique is that the acoustic characteristics of 
laser sources and receivers are not well understood. This makes some standard ultra-
sonic effects, such as diffraction, diffi cult to evaluate. Another disadvantage is that 
laser ultrasonic equipment is not yet commercially available.

Scanning Laser Acoustic Microscopy (SLAM)

In scanning laser acoustic microscopy, a continuous sine wave is generated with a 
piezoelectric transducer. This wave is diffracted, refracted, and absorbed by the 
microstructure of the sample. When it reaches the opposite side, it is detected using 
scanning laser interferometry. Large fl aws and fl aw concentrations can be imaged 
using only the amplitude output of the system. The technique can be enhanced using 
a quadrature detector synchronized with the output of the transducer.8 This system 
allows the generation of phase and amplitude signals. From the phase and amplitude 
signals, the back-propagated wave can be calculated at any desired plane in the mate-
rial. This greatly increases the resolution of the technique and allows fl aw shape and 
position to be found.

Acoustic Microscopy

Ultrasonic microscopes consist of a spherically focused transducer submerged in an 
incompressible medium (water, for example) and attached to precision positioners. 
Resolution is limited by spherical aberration caused by diffraction at the medium/
sample interface and by the precision of the positioners. Standard resolution is 
on the order of 100 μm. Finer focus enhances resolution, but drastically increases 
the time required to get data. Fine-focus acoustic microscopy may be used to fi nd 
critical fl aws in high-stress portions of a device, but even reducing the volume of 
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material polled does not make this a rapid method. Acoustic microscopy is most use-
ful during process optimization to reduce the size of processing fl aws.

Ultrasonic Birefringence

The speed of sound through a medium is a function of applied strain. The relation-
ship is governed by the acoustoelastic coeffi cient. Stress states with unequal prin-
ciple stresses (i.e., nonhydrostatic) have the effect of introducing anisotropic acous-
tic behavior to otherwise isotropic materials. This effect is similar to strain-induced 
optical birefringence (covered in the next section). The advantage is that ultrasonic 
birefringence can be measured in optically opaque materials.

There are three ways of measuring ultrasonic birefringence. To measure stress in an 
entire specimen, one may measure the time of fl ight of ultrasonic waves as a function of 
propagation direction. For smaller sections of sample, shear wave velocities are measured 
as a function of the orientation of the plane of oscillation of the shear wave. Surface stress 
can be ultrasonically measured using the velocity of Rayleigh waves as a function of direc-
tion. Any of these methods will yield the direction of principle stress and relative stress 
intensities between samples of identical materials. To fi nd actual values of stress, one 
must know the value of the acoustoelastic coeffi cient of the material. An experimental 
setup for measuring bulk acoustoelastic coeffi cients has been reported by Koshti.9

13.4 Other Techniques

Strain-Induced Optical Birefringence

Strain-induced optical birefringence can be used to measure residual stress in a speci-
men. When an optically isotropic material (such as glass) is subjected to a mechanical 
stress, it becomes optically anisotropic. Optical anisotropy can be easily observed 
by placing the material between polarized plates oriented such that the polarization 
planes are perpendicular. Light passing through the fi rst polarizer is polarized one 
direction and is not admitted through the other polarizer. A birefringent material 
will rotate the polarization plane of the light. Thus, the stressed areas of an isotropic 
material will appear illuminated.

Strain-induced optical birefringence is a rapid and powerful technique for trans-
parent isotropic materials. Not only is it possible for one to see residual strains intro-
duced as a result of processing, but inclusions that are invisible to the naked eye 
can be seen by their associated strain fi elds. This technique is extremely fast. The 
product can be conveyed between two crossed polarizers, allowing a single inspector 
to inspect the output of a small factory. This technique is capable of resolving stresses 
of as little as 55 MPa (8 kpsi) in Pyrex glass.

Penetrant Techniques

Penetrant techniques can be used to highlight surface fl aws such as open porosity 
and surface-breaking cracks for optical or radiographic inspection. The usefulness 
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of opaque dies in radiography is discussed in the section on radiography. Dies used 
are either fl uorescent or a high-contrast color when compared with the ceramic.

Photoacoustic Microscopy

Photoacoustic microscopy (PAM) allows measurement of heat dissipation, a function 
of thermal properties near the surface.10 A pulsed laser is scanned across the surface, 
generating localized heating. The sample’s response is measured one of three ways. 
The fi rst is to seal the sample into a chamber with a microphone. As the surface 
heats, the gas in the chamber heats and expands, creating pressure, which is con-
verted into an electrical signal by the microphone. The second method is to use the 
mirage effect. A second laser is directed over the specimen near the impact point of 
the heating laser. As the gas above the specimen is heated, its index of refraction is 
reduced, resulting in a defl ection of the reading laser. A third method is to measure 
the thermal expansion of near surface material using laser inter-ferometry. From the 
thermal expansion, the local temperature may be calculated.

Both phase and amplitude signals are useful for imaging surface fl aws. PAM is rapid 
enough to be used in a production setting and is sensitive to changes in the thermal 
properties near the surface. It is especially useful for plasma spray coatings (e.g., SiC on 
graphite). The resolution of PAM is 1 μm, but because it is sensitive to thermal proper-
ties it can image tight vertical cracks with widths signifi cantly less than 1 μm.

Infrared Microscopy

Infrared (IR) microscopy is similar to photoacoustic microscopy because it consists 
of a rastering laser beam and it measures the material’s thermal properties. IR micros-
copy is, however, a transmission technique. An IR image of the side of the sample 
opposite the rastering laser is taken using an IR camera. Flaws in the body of the 
specimen interfere with the transmission of heat and are thus detected. IR micros-
copy is especially powerful for detecting undensifi ed regions, inhomogeneities, and 
delaminations in laminar composites.

Acoustic Emission

Acoustic emission is the microscopic equivalent of seismography. When an earth-
quake occurs, the sounds generated are picked up and recorded on seismographs. The 
location of the source is calculated by comparing the time the sound was received by 
seismographic receivers in different places and triangulating. Each time a deforma-
tion mechanism is activated in a material, it emits a characteristic sound: an acoustic 
emission. Since ceramics are brittle in nature, the predominant mechanism of defor-
mation is microcracking, although stress-induced crystalline transformations also 
emit acoustic waves. The source of the emission may be pinpointed by using three or 
more receiving transducers to triangulate.

Strictly speaking, acoustic emission is not NDE because sound is emitted only 
by irreversible, destructive processes. Acoustic emission is helpful if used during 
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proof tests because it can detect damage caused by the proof test, even in those 
samples that survive. Another application is detection of impending failure by con-
tinuous monitoring of critical components. In the laboratory, acoustic emission can 
be used to monitor the accumulation of fatigue damage.

Shearography

Shearography is a NDE technique in which the dimensions of a component in the 
stressed and unstressed state are compared using speckle-shearing interferometry 
(hence the name). The graphical output of shearography is a fringe pattern produced 
by interference between the images of the stressed and unstressed component. Each 
fringe is a locus of points of constant surface deformation. The difference in deforma-
tion between fringes is one laser wavelength. In an unfl awed specimen, the contour 
lines are evenly spaced and gradually curving. Since fl aws introduce local changes in 
the stiffness of a material, fringes near a fl aw exhibit anomalous kinks. This is a pow-
erful method for detecting interlaminar delaminations in composites.

Lattice Distortion

Residual stresses near the surface can be measured using X-ray diffraction (XRD). 
Because the beam penetrates only the fi rst millimeter of material, XRD is a surface-
sensitive residual stress technique. The principle of the method is that individual 
grains of a polycrystalline ceramic will deform elastically under the infl uence of resid-
ual stress. The amount of elastic deformation is found by measuring the interplanar 
spacing of grains just beneath the surface and comparing those interplanar spacings 
to their stress-free values. Thus, the grains of the material act as strain gages refer-
enced to zero strain.

There are several X-ray techniques for fi nding the strain in a material surface.11 In 
general, interplanar spacings are measured as a function of orientation with respect 
to the surface, and the stress is calculated using the equation

where σφ is the stress in the direction of the plane of measurement, di  is the lattice 
spacing of a plane inclined an angle ψ with respect to the surface, dn  is the lattice 
spacing of a plane normal to the surface, E is Young’s modulus, v is Poisson’s ratio, 
and ψ is the angle between the sample surface perpendicular and the plane normal. 
Stress parallel to the surface is found by tilting the sample to some angle ψ to fi nd 
di. Stress at some angle to the fi rst stress may be found by repeating this experiment 
after rotating the sample to a new position, φ. The geometry is shown in Figure 
13.2. There are three experimental methods whereby the governing equation may 
be solved.

In the two-exposure method, interplanar distances are measured for two planes, 
one perpendicular and one at an angle to the surface. This method is rapid but does 
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264 NONDESTRUCTIVE EVALUATION Chapter 12

not allow for correction of artifacts such as microstructural texturing and sample 
misalignment.

In the sine-squared-ψ method, lattice spacings are measured at fi ve or more ψ 
angles. The governing equation is then least-squares fi t to fi nd the best value of σφ. 
Observation of the behavior of the quantity (di  – dn)/dn  as a function of sin2 ψ allows 
instrument misalignment and preferred orientation to be detected. This method is 
slower than the two-exposure method, but is more statistically signifi cant.

A third method is the position-sensitive detector system. This method is actually a 
modifi cation of detector design, which allows more rapid determination of the peak 
position at each value of φ and ψ. In standard X-ray diffraction, a single detector is 
scanned through a set of diffraction angles to fi nd the angle at which the radiation 
is most intense (i.e., the peak position). The difference for a position sensitive detec-
tor system is that an array of detectors is used, allowing accumulation of data from 
several diffraction angles simultaneously.

13.5 Summary

Most techniques for the nondestructive evaluation of ceramic materials fall into 
two categories: high-energy penetrating radiation (for example, X-ray) and high-fre-
quency elastic waves (ultrasonics). Some NDE techniques have been developed for 
specialized applications, such as optical birefringence for transparent specimens and 
shearography for laminar composites.

Nondestructive evaluation of ceramics is currently useful for process development 
and improvement, failure analysis, and detection of gross defects. At this time, there 
is no NDE technique to fi nd critical volume fl aws quickly in arbitrarily shaped tech-
nical ceramics.
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Appendix: Technique Summaries

The technique summaries in the following pages are fully described in the Encyclo-
pedia of Materials Characterization by C. Richard Brundle, Charles A. Evans, Jr., and 
Shaun Wilson.
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 Appendix 269

Auger Electron Spectroscopy (AES) 1

In Auger Electron Spectroscopy (AES), a focused beam of electrons (typically a few 
keV to a few 10’s of keV in energy) strikes the sample, causing electrons to be ejected. 
Some of these (the Auger electrons, named after Pierre Auger who fi rst observed 
them) have kinetic energies characteristic of the atoms from which they came and 
so identifi cation of the elements present in the sample can be made directly from 
the measurement of these energies. On a fi ner scale, it is sometimes also possible to 
determine the chemical state of the element from small shifts in the Auger energies 
caused by the chemical bonding of the element (chemical shift). For a solid, AES 
probes 2–20 atomic layers deep, depending primarily on the kinetic energy of the 
ejected Auger electron concerned, and somewhat on the material. With appropriate 
standards the relative concentration of the elements present within the probing depth 
can be estimated from the relative intensities of the Auger peaks in the spectrum. 
The great strength of AES is the high spatial resolution achievable through use of a 
focused beam (down to 10’s of nm), and the ability to combine measurement with 
ion sputtering material removal, to obtain a three-dimensional elemental profi le. The 
main use is with metals and conducting or semiconducting inorganic materials, since 
beam damage and charging can be issues with non-conducting and organic materi-
als. Many Auger spectrometers are designed to maximize sensitivity (typically down 
to 100 ppm of element concentration) and speed of analysis, and do not have the 
spectral resolution to use chemical shifts for chemical state identifi cation. Auger is 
capable of identifying all elements, except hydrogen and helium.
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Electron Energy-loss Spectroscopy in the
Transmission Electron Microscope (EELS) 2

If an energy analyzer is added to a Transmission Electron Microscope (TEM) or 
Scanning Transmission Electron Microscope (STEM) after the image plane, the 
energy losses suffered by the incident electron beam as it passes through the thin 
TEM/STEM sample can be measured. The losses are caused by plasmon excitation 
(a few 10’s eV energy) and atomic core level excitation. Atomic core binding ener-
gies are characteristic of the atom concerned, so the threshold energy for core level 
excitation provides a direct atomic identifi cation (cf. XPS). Relative concentrations 
of elements present in the sample can be determined from the relative intensities of 
the energy loss threshold. Near-edge structure on the energy loss features can also 
provide bonding information (cf. XPS). The sample must be very thin (100 Å to 
2000 Å, depending on beam energy) to avoid multiple inelastic scattering, resulting 
in peak broadening, and loss of intensity. A consequence of avoiding multiple scat-
tering is a lack of beam spreading as the electrons pass through the sample, which 
results in the lateral resolution being determined largely by the width of the incident 
beam. In STEM mode a lateral resolution of a few Å is therefore possible. The main 
use of EELS is for elemental and chemical composition analysis at ultra-high spatial 
resolution (at grain boundaries, for instance).
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Electron Microprobe X-Ray Microanalysis (EPMA) 3

In Electron Microprobe X-Ray Microanalysis (EPMA) a beam of electrons (5–30keV) 
is focused onto a solid sample and the X rays emitted (fl uorescence) are analyzed for 
their energies and intensities. The energies are characteristic of the atoms undergoing 
the emission, providing an atomic identifi cation (Be to the actinides), and the inten-
sities can be related to the concentrations present, providing a quantitative analysis. 
The X rays are detected and measured using either an Energy Dispersive X-Ray Spec-
trometer (EDS), or a Wavelength Dispersive X-Ray Spectrometer (WDS). EPMA 
systems usually have both methods available (EDS is experimentally simpler and 
faster; WDS is more accurate and can reach lower detection levels), together with 
SEM capability. For smooth, fl at samples, detailed correction procedures for matrix 
effects (backscattering which varies with atomic number; secondary X-ray absorp-
tion and fl uorescence occurring during emission), together with elemental standards, 
allow quantifi cation typically to about +/– 4%. For rough surfaces, or particles, anal-
ysis is usually only semi-quantitative. The detection limit for EDS is about 1000ppm 
and about 100ppm for WDS. Probing depths, and spatial resolution, depend on the 
incident beam energy, ranging from about 0.1µm at the lowest energy to 5µm at high 
energy. Quantitative mapping on fl at surfaces is common. The major use of EPMA 
is nondestructive quantitative elemental analysis of major and minor constituents in 
the top few um of inorganic materials.
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Energy-Dispersive X-Ray Spectroscopy (EDS) 4

Energy-Dispersive X-Ray Spectroscopy, EDS, is a specifi c technique for the detection 
and energy distribution determination of X-Ray Fluorescence, XRF. XRF is the phe-
nomena where X rays are emitted from a material when bombarded by high energy 
radiation (electrons, ions, X rays, neutrons, gamma rays). Some of the X-ray energies 
emitted are characteristic of the atoms present, allowing atomic identifi cation in the 
material of interest.

In EDS a solid state X-ray detector, usually lithium drifted Si, and pulse counting 
electronics are used. The detector converts an incoming X-ray photon into an elec-
tronic pulse of amplitude proportional to the energy of the X ray. The signal process-
ing electronics counts the number of pulses of each different amplitude, resulting in a 
histogram of X-ray energy versus intensity. The X-ray energies allow atom identifi ca-
tion, and the relative peak intensities can be related to relative atomic concentrations 
by comparision to standards, or by theoretical calculations.

All elements with an atomic number higher than Li are, in principle detectable, 
though effectively dealing with low Z elements requires some care and correctly set 
up instrumentation. In practise, EDS is primarily used in conjunction with e-beam 
columns (SEMs, TEMs, STEMs, Auger instruments) as the excitation source.The 
depth probed is dependant primarily on the energy of the electron beam, and on 
the material being probed. It can vary from as little as 20 nm (high Z material, low 
beam energy) to as much as 5000 nm (low Z material, high beam energy). The lateral 
resolution is similar to the depth probed but is not determined by the primary beam 
diameter. It is determined by the beam energy and the sample material, because the 
beam spreads by scattering as it penetrates into the material, creating X rays in this 
enlarged volume.

The particular strength of EDS is the simultaneous (or parallel) detection of ele-
ments rapidly and cheaply, by placing the physically small detector inside the SEM, 
or other electron beam system. As such it adds an elemental analytical capability to 
imaging electron beam columns. Its drawback is that the typical solid state detector 
has very poor energy resolution, which means that there are signifi cant peak overlaps, 
sometimes making it diffi cult to distinguish elements. This is particularly true in the 
low energy region.
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Fourier Transform Infrared Spectroscopy (FTIR) 5

In Infrared Spectroscopy (IR), a beam of light (electromagnetic radiation) in the 
infrared wavelength region impinges on the sample and the wavelength/frequency 
is scanned. Whenever there is a match of the light frequency to the vibrational fre-
quency of a vibrational mode within the sample (i.e., vibration of atomic positions) 
it is possible that the radiation at that frequency will be absorbed and the vibration 
excited (selection rules apply and not all vibrations can be excited). The absorption 
occurring, as a function of IR wavelength, is monitored by comparing the input 
intensity of the radiation to the output intensity, thus revealing the vibrational fre-
quencies existing in the sample. Since a vibrational frequency value is dependant on 
the bonding between the atoms involved in that vibration, vibrational frequencies of 
materials are characteristic of the chemical groups existing in the material (e.g., OH, 
CN, CH2, COOH, etc.), so determination of the vibrational frequencies present 
allows determination of which chemical groups are present. With standards the 
concentrations of the groups present can also be determined from the strength of 
the absorptions.

Fourier Transform IR simply describes the most common modern technique for 
scanning the wavelength of the impinging IR beam. It is based on the Michelson 
interferometer, where constructive and destructive interferences between the two 
halves of a split light beam are controlled by changing the path length of one of the 
beams with respect to the other by moving refl ecting mirrors. Since the path length 
difference for destructive/constructive interference depends on wavelength, the oscil-
lation of the mirrors provides a way of scanning the wavelengths from a polychro-
matic light source.

For solids, IR spectroscopy can be performed either in refl ection or in transmis-
sion if the sample is thin enough to pass the radiation. This varies enormously with 
material because absorption coeffi cients vary enormously (some materials are trans-
parent to IR, some highly absorbing). In refl ection, coupling the radiation to an 
optical microscope allows a lateral resolution down to 20 µm, with the depth probed 
depending on absorption coeffi cient, but usually being many µm. Another refl ection 
mode is Attenuated Total Refl ection, ATR, where light enters at grazing angle and 
probes only the surface region (10’s of nm). IR of solids does not require a vacuum, 
but the path length of the radiation through ambient atmosphere must be purged 
using dry nitrogen, to avoid gas phase absorption from strong absorbers such as 
water vapor.

The strength of IR is the qualitative and sometimes quantitative (with standards) 
identifi cation of the presence of chemical species, or functional groups, sometimes 
down to trace levels in liquids and solids. For solids stress, strain, crystallinity/
amorphousity, and inhomogeneities can be detected from absorption peak broaden-
ings and shifts.
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Light Microscopy 6

The visible light microscope dates back over 300 years for the study of natural mate-
rials (plants, animals). At its simplest level the method involves visible observation 
using white light, with useful magnifi cation of up to 1400X. This allows observa-
tion resolving features down to around 0.2 µm, as opposed to about 200 µm by 
the naked eye. Resolving power can be increased by using UV radiation (doubled) 
or by immersing optics in oil, but both procedures greatly increase the compexity 
of instrumentation. For biomedical samples and many other materials (e.g., fi bres, 
wood, hairs, pollens), the morphology revealed in the image is the main information, 
and materials identifi cation can usually be made through use of extensive atlases of 
every conceivable structure observed. For materials science, simple morphology alone 
is often insuffi cient for identifi cation, and it is necessary to investigate a number of 
other parameters such as opacity, color, refractive index, crystal system, fl uorescence, 
and many others. These can be quickly determined using a variety of procedures and 
attachments to a microscope or several microscopes.

The main role of the light microscope is to image structures, either natural or 
man made, which are not observable to the naked eye, but have features greater than 
0.1 µm. It is extensively used during the preparation of samples for observation by 
other analytical techniques, such as SEM or AFM, and should always be the fi rst step 
in a materials analysis.
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Neutron Diffraction 7

Neutron Diffraction uses thermal neutrons of wavelength, λ, 1–2 Å to determine 
the atomic structure in crystalline phases in an essentially similar manner to X-Ray 
Diffraction. Neutrons are diffracted according to Bragg’s Law (λ = 2d sinθ, where d 
is the spacing between atomic planes). The intensity of the diffracted beams is mea-
sured as a function of either the diffraction angle, 2θ, or by scanning λ for a fi xed 
θ. The former is done using neutrons of a fi xed, known wavelength from a nuclear 
reactor. The later involves using a high energy beam of photons impinging on a heavy 
metal, which produces pulses of neutrons (a spallation source). The major difference 
between Neutron Diffraction and X-Ray diffraction is (a) the neutrons penetrate 
solids much deeper, so that the analysis is always of the bulk material; (b) diffraction 
is from nuclei, not the electrons surrounding it, so the positional accuracy is much 
better (10–13 m); and (c) all elements are detected with roughly equally sensitivity, 
since there is no Z2 dependence for scattering of neutrons. The major uses of Neu-
tron Diffraction are for structural refi nement of atomic positions, particularly where 
light atoms are present with heavy atoms (e.g., O atom positions in superconduc-
tors), residual stress measurement (from diffraction line broadening), and determina-
tion of magnetic ordering. The major disadvantage of the technique is that it must be 
performed at a large government facility.
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Physical and Chemical Adsorption for 
the Measurement of Solid Surface Areas 8

Physical adsorption isotherms involve measuring the volume of an inert gas adsorbed 
on a material’s surface as a function of pressure at a constant temperature (an iso-
therm). Using nitrogen as the inert gas, at a temperature close to its boiling point 
(near 77K), such isotherms are used to determine the amount of the inert gas needed 
to form a physisorbed monolayer on a chemically unreactive surface, through use of 
the Brunauer, Emmett, and Teller equation (BET). If the area occupied by each phy-
sisorbed N2 molecule is known (16.2A2), the surface area can then be determined. 
For reactive clean metals, the area can be determined using chemisorption of H2 at 
room temperature. Most clean metals adsorb one H atom per surface metal atom 
at room temperature (except Pd, which forms a bulk hydride), so if the volume of 
H2 required for chemisorption is measured, the surface area of the metal can be 
determined if the atomic spacings for the metal is known. The main use of physi-
cal adsorption surface area measurement is to determine the surface areas of fi nely 
divided solids, such as oxide catalyst supports or carbon black. The main use of 
chemisorption surface area measurement is to determine the particle sizes of metal 
powders and supported metals in catalysts.
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Raman Spectroscopy 9

In Raman spectroscopy, a light beam of fi xed wavelength (usually in the visible range) 
from a laser undergoes inelastic scattering as it interacts with the sample material. 
The photons can suffer energy loss if they excite vibrations in the sample. The energy 
losses, and therefore the vibrational frequencies involved, are determined by measur-
ing the wavelengths of the scattered light. The value of an excited frequency is sensi-
tive to the bonding between the atoms involved in that particular vibration.

Raman spectroscopy is closely related to infrared spectroscopy, which also deter-
mines the values of vibrational frequencies (see the FTIR summary), but it differs 
in the physics in that it involves a photon scattering process with energy loss, where 
as IR involves varying the photon energy and observing absorption occurring at the 
vibrational frequencies. Raman spectroscopy is better suited to optical microscopes, 
because of the single laser wavelength involved, and spatial resolution down to the 
one µm range is possible (cf. approximately a 10 µm limit for IR).

The depth probed depends very strongly on the optical properties of the material 
involved and the laser wavelength used. Moving into the UV range greatly reduces 
the probing depths, and allows a depth profi ling capabilities if several wavelengths 
are used.

The major area of application for solids and liquids is chemical fi ngerprinting 
and the identifi cation of unknown compounds. For solids, Raman is also used for 
phase identifi cation, following amorphous/crystalline transitions, measurement of 
stress and strain, and, in the microscope mode, the detection and analysis of defects, 
including particles during wafer processing.
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Rutherford Backscattering Spectrometry (RBS) 10

In Rutherford Backscattering Spectrometry (RBS), a solid is bombarded with a 
monoenergetic beam of ions (typically He or H) in the one to several MeV energy 
range. As the beam penetrates into the solid, the ions undergo continuous small 
angle forward scattering through interactions with the electron density between the 
atomic nuclei, continuously losing small amounts of energy as a function of depth 
penetrated. In addition, a small fraction of the ion beam undergoes head on col-
lision with the nuclei of the atoms present in the solid (the target atoms) and is 
consequently back scattered. The back scattering results in a major loss of energy 
(transferred to the atoms struck, which moves forward like in billiard ball collisions) 
from the probe ion beam, the amount of which is characteristic of the mass of the 
target atoms. Determination of the energy losses suffered by the back scattered ion 
beam after exit from the solid thus allows, in principle, identifi cation of the atoms 
present, their depth distribution, and, from intensities, the atomic concentrations. 
The depth probed can vary from 1–20 µm depending on ion species used, ion energy, 
and instrumental set-up. At these high energies, the ion/material interactions are well 
described by classical kinematic equations, and quantifi cation can be achieved with-
out standards. The depth resolution also varies strongly, depending on the material, 
ion energy, and instrumental set-up, plus the depth probed (poorer at greater depth) 
ranging from a best of about 2 nm to 30 nm. Element sensitivity is a strong func-
tion of the position in the periodic table, varying as Z squared. It can be as poor as 
10 atomic percent at the low Z end and as good as 10 ppm range at very high Z. In 
principle all Z values above that of the probe ion can be detected (so not H), but the 
poor energy resolution of the solid state detector used means that some elements can-
not be distinguished from adjacent elements in the periodic table. Lateral resolution 
is limited to the beam diameter, usually 1 to 4 mm, but a few specialized microbeam 
systems do exist.

The main use of RBS is nondestructive element depth profi ling of thin fi lms in 
the few µm depth range. If the target is crystalline, specialized modes involving beam 
alignment with crystallographic axes can give structural information, such as the 
degree of lattice damage.
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Scanning Electron Microscopy (SEM) 11

In Scanning Electron Microscopy (SEM), a probe electron beam (typically a few 
hundred eV to a few 10’s keV energy) is fi nely focused (down to 10 Å capability in 
some instruments) and scanned over a solid surface. The interaction of the beam with 
the sample material generates a variety of responses, including fl uorescence emission, 
which can be used for elemental analysis (see the EDS summary).

One of the major responses is a copious emission of low energy secondary elec-
trons (0 to 50 eV range), which escape from the top few 10’s Å of the material. The 
secondary electron yield strongly depends on the angle of impact between the probe 
beam and the local surface topography, so rastering the beam across the surface pro-
duces a changing intensity with changing topography. These changes in secondary 
electron emission intensity are used to modulate the brightness of a synchronously 
rastered cathode ray tube, creating an image. The image can be highly magnifi ed up 
to 500KX, with a lateral resolution determined by the diameter of the probe beam, 
and have the look of an optical image (though the depth of focus is much greater).

In addition to the secondary electrons, a much smaller quantity of backscattered 
primary electrons are produced. Their intensity depends strongly on material (high 
for high Z elements), so the image also contains some Z contrast. Filtering out the 
low energy secondaries enhances this contrast (backscatter mode), producing an aver-
age Z dependant image instead of topography image.

The SEM is often the fi rst or second (after an optical microscope) technique used 
to provide a magnifi ed image of an area of the sample to be examined. It is often 
used in conjunction with an ancillary analytical technique, such as EDS, to provide 
elemental analysis capability to go with the imaging.
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Scanning Transmission Electron Microscopy (STEM)  12

Scanning Transmission Microscopy (STEM) is a specialized form of TEM (see TEM 
summary) where the high energy electron beam (100 to 300 keV) is focused to a 
small spot (down to a minimum of about 3 Å) and scanned across a sample which is 
usually a material which has been sectioned to a very thin fi lm (5 to 500 nm thick). 
After interaction with the material of the fi lm, the transmitted beam can be subjected 
to various treatments, as in TEM (bright and dark fi eld imaging; convergent beam 
electron diffraction, CBED; and electron energy loss spectroscopy, EELS). Also, the 
emitted X-ray fl uorescence can be analyzed by EDS (see EDS summary). Keeping 
the sample to a very thin section stops the lateral spread of the primary beam as it 
passes through, allowing the spatial resolution to be determined by the diameter of 
the focus beam, down to almost atomic dimensions.

The major use of STEM is for imaging and compositional analysis (sometimes 
also chemical state analysis, from EELS) at very high spatial resolution across thin 
fi lm material interfaces, such as found in semi-conductor and other high technology 
devices. Single atom imaging is possible for heavy atoms. The disadvantage is that a 
very thin interface cross-section must be fi rst prepared. Also, at very high resolution, 
the electron beam is focused into such a small area that the local electron density 
becomes extremely high and can anneal, damage, or even burn through the fi lm if 
the dwell time is too long.
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Scanning Tunneling Microscopy and 
Scanning Force Microscopy (STM and SFM) 13

In Scanning Tunneling Microscopy (STM), a sharp tip is brought to within a few 
Å of a conducting surface in ultra high vacuum and held at a positive or negative 
potential with respect to the tip. At this distance a quantum mechanical electron 
tunneling current fl ows between an individual atom on the surface and an atom on 
the tip (or vice versa, depending on the polarity). The magnitude of the current is 
an exponential function between the two atoms involved. So scanning the tip across 
the surface therefore produces a strongly varying current as the topography and dis-
tance between tip and surface atoms changes. This allows mapping of the topography 
(actually the surface electron density) with a resolution of 0.01 Å in the Z direction, 
and atomic resolution in the XY direction.

In the related technique, Scanning Force Microscopy (SFM; also known as atomic 
force microscopy, AFM), the tip is mounted on a cantilever and the Van De Waals 
forces between the surface and the tip defl ects the cantilever. The defl ection is also 
a strong function of the separating distance, allowing topography mapping, as in 
STM. The resolution in SFM is about ten fold poorer than STM, but the technique 
has the great practical advantages of being operated in air and not requiring a con-
ducting sample.

The major use of STM is in the research area of imaging atomic structures on 
clean conducting and semi-conducting surfaces, under UHV conditions. SFM, 
on the other hand, is widely used throughout industry as a very high resolution 
surface profi lometer to monitor surface roughness, defects, and man-made micro 
or nano structures.
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Solid State Nuclear Magnetic Resonance (NMR) 14

In Solid State Nuclear Magnetic Resonance (NMR), a solid specimen is subjected to 
a strong magnetic fi eld (typically 1 to 14 Tesla). If the nuclei present have unpaired 
spins, the magnetic fi eld interacts with the magnetic dipole (spin), splitting the 
otherwise degenerate spin states into an upper (excited) state and a lower (ground) 
state. The energy of the splitting, for a given magnetic fi eld, is characteristic of the 
nuclei concerned and is in the radio frequency range. If the sample is subjected to a 
pulsed radio frequency band covering this energy splitting, excitation from ground 
to excited state will occur. As the nucleus relaxes back to the ground state, it re-emits 
a radio signal at the frequency of the splitting (the NMR signal). Detection of the 
NMR frequency identifi es the presence of the nucleus, and the intensity is propor-
tional to the concentration. Small variations and splittings of the NMR frequency 
are related to bonding interactions with neighboring nuclei. While hydrogen nuclei 
NMR is by far the best known area of study and use (organic chemistry and MRI), 
about half the elements in the periodic table have unpaired nuclear spins suitable for 
NMR. The major use of solid state NMR is for element-selective phase identifi cation 
and quantifi cation, and for structural characterization of disordered phases which 
cannot be done by diffraction methods. A disadvantage of the technique is the very 
strong magnetic fi elds required, and that several different magnets might be required 
for different nuclei to get the NMR frequencies in the working range of the radio 
electronics. For this reason laboratories tend to concentrate on studies involving one 
particular element.
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Surface Roughness: Measurement, Formation 
by Sputtering, Impact on Depth Profi ling 15

Surface roughness can be measured by a variety of scanning profi lometer methods, 
which monitor individual features, or by methods which give averaged information. 
For the profi lometers there is a wide variety of methods possible: mechanical, opti-
cal, scanning electron microscope (see the SEM summary), and the scanning force 
microscope and scanning tunneling microscope (see the STM and SFM summa-
ries). These instruments have a large range of capability in terms of depth reso-
lution, maximum depths measurable, and lateral resolution (roughness frequency 
range). The mechanical profi lometers obviously contact the surface, and may dam-
age it. The depth resolution can be down to 5 nm, and the lateral resolution 100 
nm (depends on tip radius), for the most sophisticated (and expensive). Optical 
profi lometers can measure down to 0.1 nm depth and 300 nm lateral resolution 
(depends on wavelength).

SEM is useful for observing very short range roughness (i.e., sharp spikes or dips) 
but ineffective for long range small amplitude roughness. SFM has depth resolution 
down to 0.01 nm and a normal lateral resolution of about 0.5 nm, which is more 
than needed in most practical applications. STM can do an order of magnitude 
better, but only for conductors under ideal conditions in UHV environments. It is 
basically a research tool.

Optical scatterometry (see the summary for this technique) gives averaged, not 
individual, information. The depth resolution achievable is 0.1 nm RMS, and long 
and short range roughness can be separated (i.e., measurement provides information 
as a function of roughness frequency range).
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Transmission Electron Microscopy (TEM) 16

In Transmission Electron Microscopy (TEM), a very high energy monoenergetic 
electron beam (100 to 400 keV) passes through a thin specimen (less than 1000 nm) 
of diameter less than 3 mm (necessary to fi t in the electron optics column). A series of 
post specimen lenses transmits the emerging electrons, with spatial magnifi cation up 
to 1,000,000, to a detector (fl uorescent screen or video camera) viewed in real time.

Any regions of the sample under the incident beam (usually a few µm diameter) 
exhibiting crystallinity, will diffract electrons away from the central spot, forming 
a diffraction pattern observable at the back focal plane of the objective lens. Like 
X-ray diffraction, this can provide identifi cation of crystalline phase, orientation, 
and lattice parameters. In micro-diffraction, the incident beam is focused down to 
sub-micron areas, but this focusing degrades the diffraction pattern.

The above mode of operation is termed Diffraction Mode. Another mode is Imag-
ing Mode. In this mode the reconstructed, highly magnifi ed image (up to 1,000,000) 
is observed at the image plane of the objective lens. By placing an aperture in the 
diffraction plane, either the electrons in the undefl ected beam (the center spot) can 
be imaged (Bright Field Mode), or those in a defl ected beam (the diffracted or scat-
tered electrons) can be imaged (Dark Field Mode). An amorphous sample of uniform 
thickness can undergo only Z contrast scattering (higher Z, more scattering), so 
regions of higher Z show up as dark areas on a bright background in Bright Field 
Mode. Any crystalline region will also show up as a dark area. In dark fi eld, regions of 
crystallinity, or higher Z, will show up as bright spots on a dark background.

Yet another mode of use is High Resolution TEM (HRTEM), in which atom 
positions can be established by collecting electrons from both the undefl ected 
and diffracted beams and comparing the observed phase interference patters to 
a simulation.

TEM, with its many modes, and often involving ancillary materials analysis capa-
bilities such as EDS (see EDS summary), is the mainstay of material science and 
analysis of small volume (areas and thickness). A fully equipped TEM laboratory 
will have several microscopes with differing capabilities, plus all the necessary sample 
preparation techniques. See also Scanning TEM (STEM), where the incident beam is 
focused down to almost atomic dimensions and scanned across the sample.
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Variable-Angle Spectroscopic 
Ellipsometry (VASE) 17

In ellipsometry, a collimated polarized single wavelength light beam (UV, visible, or 
IR) is directed at the material under study, at an oblique angle, and the relative light 
intensity of the refl ected beam is measured as a function of its polarization angle. In 
Variable-Angle Spectroscopic Ellipsometry (VASE), these measurements are made as 
a function of varying both the wavelength and the angle of incidence. For a thin fi lm 
with a surface parallel to the substrate (i.e., a constant thickness) and inhomogene-
ities of less than about 1/10 of the wavelength being used, Maxwell’s equations plus 
the Fresnel equations for calculating refl ection coeffi cients at interfaces can be used 
to model the experimental data. The variable parameters in the modeling are layer 
thickness and the optical constants for the material in the layer. Surface and inter-
face roughness and/or mixing and interface reaction can, in principle, be handled 
by treating the interfaces as additional layers with their own optical properties and 
thickness. The parameter values in the model are itterated until a best fi t with the 
data is obtained. Though data is easy to obtain, this model-dependent aspect of ellip-
sometry analysis, with many fl oating parameters, can make it a diffi cult technique to 
use correctly (it can never give a unique fi t), unless some of the parameters (such as 
the optical constant) are already well known, and can therefore be constrained.

VASE, and also single wavelength ellipsometry (less reliable) are extensively used 
in the wafer processing and other thin fi lm industries, primarily to monitor thickness 
of single or bi-layers of dielectrics, optical coatings, semi-conductors, and magneto-
optic and magnetic disk material. Depending on the optical constants, fi lm thickness 
from 1 to a few 100 nm can be handled (or even microns for transparent material). 
Because the instrumentation is operated in air and the light can penetrate liquids, 
ellipsometry can also be used for in situ electrochemistry and biological interfaces.
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X-Ray Diffraction (XRD) 18

In X-Ray Diffraction (XRD), a collimated beam of mono-chromatic X rays between 
0.5 Å and 2 Å wavelength strike a sample and are diffracted by crystal planes present. 
Bragg’s law,

λ = 2d sinθ

relates the spacing between planes, d, to the diffraction angle, 2θ, which is scanned to 
pick up diffraction from the different crystal planes present. The azimuthal orienta-
tion of the different beams also reveals the crystalline orientation. If the material is 
poly-crystalline, then diffraction rings, instead of a spot pattern, are formed (powder 
diffraction). Distortions or broadenings of the diffraction beams carry information 
on crystal strain and grain size.

Because X rays penetrate deeply (strongly Z dependent; at λ = 1.54 Å the absorp-
tion length is 1 mm for carbon, 66 µm for Si, and 4 µm for iron), XRD is intrinsi-
cally a bulk technique. Typically, however, large areas are used (several mm diameter), 
and there is suffi cient intensity and spectral resolution using modern standard equip-
ment to study fi lms of thickness down to the 100’s nm range for high Z material. 
If specialized instrumentation and geometries are used (Grazing Angle XRD, Double 
Crystal Diffraction XRD, synchrotron radiation source), sensitivities down to 
10’s nm are easily achieved, and mono-layer sensitivity is possible. Small area capa-
bilities also exist (micro-beam XRD), but then thicker samples are required to com-
pensate for intensity loss of the smaller areas.

The major uses of XRD are identifi cation of crystalline phases, determination of 
strain, crystalline orientation and size, epitaxial relationship, and the accurate deter-
mination of atomic positions (better then in electron diffraction). Because of the 
strong Z dependence of X-ray scattering, light elements are diffi cult to deal with, 
particularly in the presence of heavy elements.
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X-Ray Fluorescence (XRF) 19

In X-Ray Fluorescence (XRF), the mono-energetic X-ray beam from a vacuum X-ray 
tube (W, Mo, Cr, and other targets are used to provide a range of energies) irradiates 
the sample, in air, causing excitations of core electrons of the atoms present. As these 
excited atoms decay back to their electronic ground states, light is emitted in the 
X-ray region. The specifi c wavelengths emitted are characteristic of the energy levels 
involved, and therefore of the atoms concerned. The X-ray fl uorescent wavelengths 
are determined using a crystal diffractometer.

The depth probed is Z dependent, but, since X rays are involved both in the 
excitation and the emission, it is many µm, making XRF a bulk technique. A spe-
cialized grazing incidence (total refl ection) adaptation exists, however, for analyzing 
material at the surfaces of semi-conductor wafers (see TXRF summary). Also, there 
is suffi cient total intensity such that thin fi lms (µm level or lower, depending on 
instrumentation and Z) can be analyzed provided there are no interfering elements in 
the substrate. Standard instruments have no signifi cant spatial resolution (few mm), 
but micro-beam systems down to 10 µm do exist. The technique is applicable to all 
elements except H, He and Li. Energy dispersive X-ray analysis (see EDS summary) 
is a closely related technique.

The major uses of classical XRF, in air, are the identifi cation of elements and the deter-
mination of composition for bulk materials. For thin fi lms intensity/composition/
thickness equations are used to determine the composition and thickness of indi-
vidual layers in single or multi-layered stacks, such as used in the disk drive and 
semi-conductor industry.
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X-Ray Photoelectron Spectroscopy (XPS) 20

In X-Ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy 
for Chemical Analysis (ESCA), mono-energetic soft X rays (usually Al K alpha at 
1489 eV or Mg K alpha at 1256 eV) bombard a solid sample in ultra high vacuum. 
One of the interaction processes occurring is the ejection of photoelectrons, accord-
ing to the Einstein Photoelectric Law:

KE = hν–BE

where hν is the incident X-ray energy, KE is the kinetic energy of the photo electron, 
and BE is the binding energy of the electron in the particular energy level of the 
atom concerned. Measurements of the KE’s of the ejected photoelectrons directly 
determines the BE’s, which, for core levels of atomic orbitals, are characteristic of the 
atoms concerned and therefore identify their presence. On a fi ner energy scale, small 
“chemical shifts” in the BE’s provide chemical state identifi cation (such as the oxida-
tion state for a metal). The technique is applicable to all elements, except H and He, 
since they do not have characteristic atomic core levels.

For a solid, XPS probes 2 to 20 atomic layers deep, depending of the KE of the 
ejected electron, the angle w.r.t., the solid surface of detection, and the material. XPS 
is therefore a true surface technique. If measurement is made as a function of angle, 
depth distribution information is available over the depth probed. XPS is also used 
with sputter depth profi ling to go beyond these depths. Modern laboratory XPS 
instruments can provide practical lateral resolution capability down to the 10 to 20 µm 
range. Specialized systems can go lower, but acquisition time becomes very long.

The particular strengths of XPS are semi-quantitative elemental analysis at sur-
faces without standards, quantitative analysis with standards, and chemical state 
determination for materials as diverse as biological to metallurgical.
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Tape casting 5, 64, 68
TEM See transmission electron microscopy.
TG See thermogravimetry.
TGA See thermogravimetric analysis.
thermal decomposition 30–35
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thermogravimetry (TG) (continued )
magnetic transitions 155
phase equilibria 151
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temperature measurements 154
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thermomechanical analysis (TMA) 90, 92
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processing 64
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