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Abstract

The ability to produce controlled-geometry, con-
trolled-crystallography internal voids in ceramics has
made possible several new model experiments for
studying the high-temperature properties of surfaces
and interfaces in ceramics. Recent advances have
enabled the production of more complex microde-
signed internal defect structures, and have exploited
new means of examining them, thus, broadening the
range of problems that can be addressed. A parti-
cular topic of concern is the effect of surface energy
anisotropy on both the driving force for and the
mechanism of shape changes. This paper reviews and
previews recent research focussing on improving our
understanding of surface diffusion in ceramics. Ray-
leigh instabilities provide one means of examining
morphological evolution. The modelling of Rayleigh
instabilities in materials with surface energy aniso-
tropy is reviewed, and the results of experiments
utilizing microdesigned pore arrays in sapphire are
summarized. In a material with anisotropic surface
energy and a facetted Wulff shape, the driving force
for shape changes hinges on both the absolute and
relative surface energies. Microdesigned pore struc-
tures have been used to determine the stable surfaces
in both undoped and doped sapphire and to provide
the relative values of the energies of these stable
surfaces. Nonequilibrium shape, controlled-crystal-
lography cavities have been introduced into undoped
sapphire, and the effect of crystallographic orienta-
tion on their morphological evolution has been stu-
died. Comparisons of the results with predictions of
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models of surface-diffusion-controlled evolution indi-
cate  that  surface-attachment-limited  kinetics
(SALK) play an important role. © 1999 Elsevier
Science Ltd. All rights reserved.
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faces, porosity, Al,Os.

1 Introduction

To achieve optimum properties in ceramics, it is
necessary to control the evolution of the micro-
structure, and highly desirable that this control is
based on fundamental understanding of the evolu-
tion process. A complete understanding of micro-
structural evolution requires that the many
interacting and competing processes that collec-
tively dictate the spatial and temporal character-
istics of microstructural change be understood. The
barriers to such an understanding are significant.

The geometric details of a powder compact—the
particle size, particle distribution, packing density,
packing density variations—play a major role in
determining the driving forces for mass transport
and microstructural change. In systems in which
the surface and interfacial properties are isotropic
and known, knowledge of the geometry, i.e. the
local curvatures, can be sufficient to describe these
driving forces. In real systems, the surface energy is
anisotropic and grain boundary properties can
depend on both misorientation and boundary
plane orientation. For such systems, a description
of the driving force is much more complex, and the
variations of driving force within the compact are
likely to be larger than in idealized isotropic mate-
rials.

The driving forces for mass transport can be dis-
sipated by several transport mechanisms that
operate largely in parallel: surface diffusion, eva-
poration-condensation, lattice diffusion and grain
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boundary diffusion. In the simplest situations,
mass flows occurs predominantly along a single
path, e.g. through the vapor phase, through the
bulk, along a solid—vapor interface (a surface) or
along a solid—solid interface (a grain boundary).
The rate of microstructural change can be limited
by the rate of mass arrival via gas, bulk, surface, or
grain boundary diffusion. Alternatively, the rate of
shape change can be limited by the rate at which
mass can be incorporated at a mass sink or can be
released or supplied by a mass source. In this
situation, the rate of a nucleation step or of an
attachment/detachment step limits the shape
change rate. The general term surface-attachment-
limited kinetics (SALK) is used to describe these cases.

More often, more than one mass transport
mechanism may be important. The nature of the
microstructure produced depends upon the relative
rates of the competing transport mechanisms. Sur-
face diffusion and evaporation—condensation can
contribute to particle coarsening and interparticle
neck growth without densification, while lattice
diffusion and grain boundary diffusion lead to neck
growth, but also produce particle-particle approach.
The processing conditions used must be consistent
with the microstructural objectives. The impor-
tance of controlling the densification: coarsening
ratio is recognized, and has been the subject of
considerable theoretical and experimental effort
(e.g. Refs 1-4).

As an aid to designing and processing materials
with useful microstructures and properties, and
maintaining these microstructures and properties
during subsequent use at elevated temperature, it
would be clearly be advantageous to have reliable
and robust models of microstructural evolution,
and a complete and reliable database of the mate-
rials properties (thermodynamic and kinetic) that
are required input for these models. The thermo-
dynamic and kinetic properties of surfaces and
interfaces will be key components of this database.

The successful modelling of microstructural
development and microstructural stability is clearly
difficult. Choices must be made regarding the
extent to which anisotropy of surface and inter-
facial properties will be incorporated. This will
affect the driving force description, and may also
fundamentally alter the path of evolution. From a
practical perspective, it also affects the complexity
of the model. In order to determine the potential
contributions of competing transport mechanisms,
reliable values for the transport coefficients and
interfacial reaction rate constants are required. To
simplify modelling, or because the necessarily
information is unavailable, or both, simple geome-
tries, isotropic surface and interfacial properties,
and a single dominant transport process are often

assumed (e.g. Refs 5-8). Real systems are generally
more complex. The materials are anisotropic, the
geometries differ from those that are assumed,
multiple processes interact and compete, and the
relative importance of the competing processes can
change as the microstructure changes at elevated
temperature.

Models treating a variety of diVusion-limited
shape changes in idealized single-phase materials
with isotropic surface energies were developed
during the 1950s and 1960s. These included treat-
ments of surface (scratch) smoothing,” grain
boundary grooving,'® particle sintering,*”’ and
Rayleigh instabilities of solid rods and cylindrical
cavities in solids.® These models served two impor-
tant roles. In cases where the relevant transport
data was available, the models could be used in a
predictive manner. In cases where transport data
was absent, the experimental results could be eval-
uated using these models to provide needed trans-
port data. A significant fraction of the surface
diffusion data available for ceramic systems has
been inferred from rates of morphological change
assumed to be controlled by surface diffusion.

Subsequent treatments of the aforementioned
processes have focussed on extending their range of
applicability, and examining the behavior of less
idealized systems. Accordingly, some efforts have
focussed on evaluating the effects of higher-order
(nonlinear) terms on the predictions of the model
and improving the accuracy of predictions for
more advanced stages of these processes (e.g. Refs
11 and 12). Others have focussed on the effects of
more complex initial or other boundary conditions
on the predicted behavior.!*!* In general, these
analyses have retained the isotropic surface energy
assumption characteristic of the original models.

Other modelling refinements have focussed on
incorporating the effects of surface energy aniso-
tropy on morphological evolution. For a particle
or cavity of fixed volume held at constant tem-
perature, the driving force for shape changes is the
associated reduction in the total surface energy.
The equilibrium shape of a crystal or cavity is that
which minimizes its total surface energy. In many
crystalline solids, the lowest energy form of a par-
ticle or cavity includes facets, and the equilibrium
or Wulff shape can be fully facetted. The Wulff
theorem prescribes that the equilibrium shape of a
facetted N-sided polyhedral particle or cavity is
that for which

Yi_ V2 V3 Vi
LT L T I constan (1)

where y; is the energy per unit area of the ith facet,
and /; denotes the physical distance from the center
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of mass of the crystal to the ith facet measured
along a normal to the ith facet.!> Surface energy
anisotropy will thus alter the final state that a sys-
tem tends to, and will influence the driving forces
and kinetics of the processes that transform the
system from an initial nonequilibrium state to the
equilibrium state.'® The appearance of facets can
also lead to a change in the rate-controlling
mechanism.

The influence of surface energy anisotropy and
facetting on the energetics and kinetics of shape
changes has become the topic of increasing atten-
tion. Bonzel, Mullins and their collaborators have
examined the effect of surface energy anisotropy on
scratch smoothing behavior, and have developed
elegant new experimental methods and refined
theoretical models.!”?> Cahn, Taylor, Carter, and
colleagues®* 2> have addressed a broad range of
problems involving shape changes in facetted crys-
tals, and have provided theoretical descriptions of
shape changes controlled by both surface diffusion
and by SALK.

The experimentalist also faces difficult decisions
when investigating a particular aspect of micro-
structural evolution. Conventional experiments
using ceramic powder compacts and polycrystals
have the advantage that they use a ‘real’ powder or
a ‘real’ material. However, the disadvantage is that
such powders and materials generally provide a
very limited ability to control the relevant micro-
structural and crystallographic parameters that are
important. As a result, particularly as more com-
plex (and hopefully more accurate) models are
developed, experiments on compacts and poly-
crystals may not provide the most convenient route
to testing and validating these models. A general
goal of our work has been to develop an experi-
mental method that provides control over the pore,
flaw, or second phase geometry, that allows the
crystallography and chemistry of surfaces and
interfaces to be controlled, and that in some cases,
provides the ability to alter the relative contribu-
tions of coarsening and densification processes. It
was our hope that such a method would help fur-
ther our fundamental understanding of both the
thermodynamics and kinetics of microstructural
evolution.

Within the past decade, several new model
experiments were developed for examining the
high-temperature properties of surfaces and inter-
faces in ceramics. These experiments exploit stan-
dard microlithographic techniques indigenous to
semiconductor processing to produce defects and
microstructures that closely simulate those that
have been theoretically modelled. These techniques
have been adapted to allow the introduction of
large numbers of cavities of controlled size, shape,

and spacing into ceramic surfaces of known crys-
tallographic orientation and controlled purity.?%-2’
Internal cavities are produced by solid-state diffu-
sion bonding a substrate with surface cavities to a
second cavity-free substrate in a vacuum hot press.
The resulting internal ‘microdesigned’ defect arrays
have formed the basis of experiments examining a
wide range of phenomena, including high-tempera-
ture crack healing,?®3° Rayleigh instabilities,? 3!
pore-boundary interactions,*? grain boundary
migration,33-3* and pore coarsening and pore elim-
ination.?> More recent work has focussed on the
development and application of new model experi-
ments that would help to quantify the anisotropy of
surface and interfacial properties, and reveal more
clearly the effect of this anisotropy on micro-
structural evolution.

Computational and modelling capabilities
already surpass experimental capabilities in several
areas. The size and complexity of simulations is
expanding rapidly, and the gap between the spatial
and temporal scale of what is modelled and what is
of interest to the practicing ceramist is decreasing.
There is an increasing need for model experiments
that can test and validate existing and emerging
models of microstructural evolution. This is parti-
cularly so for computational approaches that pre-
dict fundamental properties of materials such as
surface energies and segregation behavior (e.g.
Refs 36-40). Without such confirmation the incen-
tive for additional efforts in this direction is
reduced, and the predictions that have been made
may be met with undue skepticism. Accordingly,
his paper has two primary objectives. These are: (1)
to describe the technique and its capabilities, and
(2) to summarize some recent advances and devel-
opments that form the basis for on-going research.
It is hoped that this presentation will encourage the
more widespread use of the techniques that have
been developed, and the design and application of
new model experiments. It is our hope that such
experiments will be exploited by the community to
test existing models of microstructural evolution,
and help guide the development of more accurate
and useful models where current models are shown
to be inadequate.

2 Fabrication of Microdesigned Interfaces

Lithography facilitates the study of a wide range of
processes that occur during material fabrication or
during subsequent use at high temperature. The
combination of photolithographic methods, ion
beam etching, and hot pressing provides the ability
to define and introduce surface features (cavities)
with a controlled geometry and location, and to
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subsequently transform these surface features into
internal features. A brief summary of the proce-
dure and references to prior studies follows. A
more detailed description of the experimental
methods can be found in Refs 26 and 27.

The basic processing steps in the production of a
sample with a microdesigned interface are (1) resist
coating, (2) exposure, (3) etching, (4) sample
assembly, and (5) bonding, as illustrated in Fig. 1.
The first four steps are normally performed in
Class 100 clean room conditions, thus minimizing
the potential for inadvertent contamination of the
surfaces of interest.

The substrate, normally a single crystal wafer or
a dense polycrystal, is coated with a uniformly
thick photoresist layer. Although the vast majority
of our research has used either sapphire single
crystals or theoretically dense, high-purity
undoped or doped alumina as the substrate,
experiments have also been performed in which
glass-bonded alumina, lithium fluoride, silicon,
fused silica, lead borosilicate glass, and soda-lime
silica glass were used. Current efforts are focussing
on application of the method to silicon carbide and
silicon nitride. Using a typical range of processing
conditions, the thickness of the photoresist can be
varied from 1-3 to 2-6 um. The photoresist is then
selectively exposed using UV radiation.

The shape of the exposed features reflects the
mask pattern. The geometry of features on the
mask is defined using pattern generation software.
Figure 2 shows schematic examples of the types of
patterns that can be generated on a mask. Lines
and other features that can be assembled from
square design elements are particularly easy to

produce; features with smoothly curved edges must
be built up using these square elements and are as a
result more tedious to assemble. For positive pho-
toresists, exposure increases the solubility of the
photoresist and allows its selective removal, thus
exposing the substrate. Negative photoresists are
also available, and here the unexposed regions are
preferentially removed. A mask that produces iso-
lated defects with a positive resist produces a con-
tinuous pore phase when used with a negative
resist. An ion beam is used to etch the exposed
ceramic surface, and thereby transfer the mask
pattern to the ceramic substrate. Etching of the
substrate and residual resist occurs simultaneously.
Thus, unless thicker resists are used, or other bar-
riers to etching are deposited on the surface, the
practically accessible feature depth is limited to a
maximum of a few tenths of a micron.
Conventional lithographic procedures allow the
fabrication of features with minimum (lateral)
dimensions of order one to two microns; these fea-
tures can be repeated up to ~10° times on a single
substrate. Under optimum conditions, the location
of the features can be controlled to within ~+0-1
um. With a typical feature depth of a few tenths of
a micron, the minimum accessible feature volume
is <1 um?>. Even smaller features can be produced
using so-called nanofabrication facilities. With e-
beam lithography, the relevant size scale of features
decreases by roughly one order of magnitude, i.e. fea-
tures with widths of the order of 0-1-0-2 um can be
produced. This broadens the size scale of accessible
features, and allows greater control and flexibility
when complex shapes involved curves are required.
The specific experimental objectives dictate the

Microlithographic Processing e Assembly
Photoresist
@ Sapphire ® — —
1727 2] Resist exposure
@ ® Hot Pressing
1300°C1h @ 15 MPa
T
& MMM, MM on beam et Annealing
Vacuum
Air (Ti**-doped sapphire)
@
@ — — Etched substrate | I T

Fig. 1. Illustration of processing steps in production of microdesigned interfaces. A broad range of interfacial microstructures can
be produced. The noneequilibrium nature of the defect shape after bonding allows studies of crack healing and of the rate at which
the Wulff shape is reached.
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design of the surface structures, and the methods
required to fabricate them.?%-27-33

After etching and just before diffusion bonding,
an unetched and an etched substrate are placed in
contact (again under clean room conditions). For
sapphire and alumina, the surface features are
converted to internal features by vacuum hot
pressing (1300°C, 1 h, 15 MPa bonding pressure,
2.6 x 1073 Pa vacuum). By changing the materials
that are assembled, and the details of the assembly
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Fig. 2. Schematic illustration of mask patterns used to gen-
erate microdesigned internal defect patterns: (a) pattern con-
sisting of rectangular, circular, and triangular features of
varying size, shape, and orientation as well as high aspect ratio
channels. The former were used to investigate crack healing,
the latter to investigate Rayleigh instabilities; (b) pattern of
controlled and varied aspect ratio channels with channel
orientation (the orientation dependence of surface energy
anisotropy) on Rayleigh instabilities.

process, a wide variety of ensembles addressing a
broad range of experimental objectives can be
produced. Specimens prepared by bonding an
etched single crystal to an unetched single crystal
of identical orientation provide a means of simu-
lating defects in single crystals, i.e. intragranular
flaws. When the substrates are aligned so that
crystallographic directions in the surface plane are
‘parallel’, in reality a low-angle twist boundary is
produced. However, with care, twist angles of <1°
can be achieved, and one approaches an intergranular
defect. By increasing the twist angle, a high-angle
grain boundary, and controlled-misorientation
bicrystals can be prepared to study intergranular
defects. Single crystal-polycrystal ensembles and
polycrystal-polycrystal ensembles provide an
opportunity to examine the effects of a wider range
of misorientation, and to simulate and study
defects in typical polycrystalline materials. Doped
polycrystalline samples can be made by conven-
tional routes to examine impurity effects. Crack
healing studies by Powers et al.>*3° have demon-
strated that ion implantation can also be a useful
method of introducing controlled levels of impu-
rities in the near-surface layer, and assessing their
effect on feature evolution. Using glass substrates,
internal voids/bubbles of controlled size, shape and
spacing can be generated. In principle, the features
can also be filled with a suitable metal or second
phase to allow the generation of model ‘composite’
interfaces. Dissimilar materials can also be bonded,
allowing, for example, the introduction of highly
controlled (potentially strength-limiting) defects at
ceramic—metal interfaces. In virtually all experi-
ments, it is necessary to minimize the morphologi-
cal changes of the defect structure during bonding
so that the evolution of the ‘as-bonded’ structure
can be examined during subsequent annealing.

For some applications, such as the fabrication of
calibration standards for nondestructive evaluation
methods, the sole objective is to control the geo-
metry of the defect structure and to characterize
the ‘as-bonded’ defects using a variety of techni-
ques. Thus, using lithography, internal cracklike
defects of controlled size, shape, and spacing can
be generated in optically transparent materials
such as sapphire or glass. Optical microscopy can
be used to confirm the defect pattern. Acoustic
microscopy can then be performed on these stan-
dards to quantify the resolution limit of the NDE
method.*! Optically transparent materials that
have acoustic properties like those of opaque
materials can also be prepared; crystals and glasses
that mimic the acoustic response of Ni-based
alloys, Ti-based alloys, and Si-based ceramics have
been identified, and standards for acoustic micro-
scopy have been fabricated.
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In the vast majority of the work, it is the evolu-
tion of the internal features during high-tempera-
ture annealing that is of primary interest. For
sapphire and other optically transparent materials,
optical microscopy provides a convenient non-
destructive method of observation for all but the
finest scale features. Using this method, a single
sample can be annealed, and the morphological
changes can then be characterized. This sequence
can be repeated to allow study of the time evolu-
tion of specific defects. When greater resolution is
required, or when an opaque material is used,
fracture surfaces can be examined by optical or
scanning electron microscopy. For the finest fea-
tures, or when even higher spatial resolution is
required, foils containing interfacial structures can
be prepared, and examined using transmission or
scanning transmission electron microscopy. Here
one of the difficulties may become distinguishing
the defects that are introduced from those that
arise from polishing scratches and other irregula-
rities in the substrate surfaces. More recently,
atomic force microscopy has been used as a tool
for more detailed study of the surface topo-
graphy,*>** and in principle, could also be used
with suitable materials to examine the more nearly
atomic level structure of surfaces undergoing mor-
phological change.

In summary, the general fabrication method is
applicable to a broad range of materials and
material combinations. The available mask design
tools make it possible to produce a wide variety of
defect structures. As a result, model experiments
addressing a broad spectrum of materials science
problems can be devised and implemented.

3 Model Studies of Surfaces and Interfaces

3.1 Crack healing and Rayleigh instabilities
The rate of morphological change in ceramics is
influenced by both the driving force for and the
mechanism of mass transfer, i.e. whether the rate
of mass transport is limited by diffusion, or by
SALK. A considerable fraction of our prior research
utilizing microdesigned interfaces has focussed on
morphological changes under conditions where
surface diffusion plays an important and often
dominant role. Characterization of surface diffu-
sion is extremely difficult, and significant variations
in reported values of surface diffusivities arise even
in well-studied systems such as sapphire. 4%
Impurities and crystallographically dependent
values of the surface energy anisotropy are believed
to be two key contributors to this variability.

The similarities between the morphological
changes that occur during sintering and during

high temperature crack healing, and the possibility
that similar transport mechanisms control or affect
these two processes, were recognized by Yen and
Coble®® and by Gupta.>* These similarities have
made crack healing studies a potential vehicle for
improving our understanding of sintering, and of
assessing the effects of impurities on surface prop-
erties and transport processes during sintering. In
particular, crack healing studies provide a con-
venient means of assessing surface energy aniso-
tropy effects.

The influence of surface orientation and surface
energy anisotropy on crack healing behavior in
sapphire became apparent in the initial studies on
undoped sapphire.?® Thousands of microdesigned
cracklike flaws of identical geometry were ‘embedded’
in sapphire crystals of varying surface orientation
using the procedures outlined previously. The dif-
ference in crack crystallography resulted in obvious
differences in the morphological characteristics of
crack healing during subsequent high-temperature
annealing. The effect of impurities became evident
when cracklike cavities of identical size and shape
were embedded in sapphire single crystals of iden-
tical surface orientation whose surfaces had been
implanted with low levels (<300 ppma maximum,
100 ppma mean concentration in region of interest)
of impurities commonly found in, or commonly
added to aluminum oxide.?®3° Rectangular cracks,
(=100 x 200 pum; etch depth =0-16 pum) were
introduced into c-axis (0001 surface) sapphire
implanted with Ca, Mg, and Ti. To assure con-
sistency of not only the crack face orientation, but
also the crack edge crystallography, the crack edges
were consistently oriented parallel to the [1120] and
[1100] directions. During subsequent annealing at
1700°C, significant differences in the morphological
evolution were evident, as illustrated in Fig. 3. While
undoped and Mg-doped sapphire were qualitatively
similar, the introduction of Ca led to rapid healing
and the addition of Ti appeared to particularly
stabilize features oriented parallel to the [1100]
direction.

The combined use of microfabrication techni-
ques, ion implantation, and diffusion bonding thus
provides a convenient means of studying the effects
of specific impurities on crack healing behavior.
Crack healing studies in Mg-, Ca- and Ti-implan-
ted sapphire indicated that each impurity affects
the morphological evolution of defects, and does
so in a distinct manner. While Mg additions appear
to have a slight accelerating effect on the rate of
healing, the effects of Ca and Ti additions are
more dramatic. The distinctions would be difficult
to identify from the results of more conventional
experiments, e.g. sintering studies. One rationali-
zation of the results would be to ascribe the
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Fig. 3. Cracks in (a) undoped, (b) Ca-implanted, (c) Mg-implanted, and (d) Ti-implanted sapphire, after annealing times of 140 min

(b,c) and 200 min (a, d). Note especially the drastic difference in healing behavior brought about by Ca additions, and the increased

stability of crack edges brought about by Ti additions. The crack edge directions are: e = [1120], g = [1100]. Orientations in (a, b,
¢) are as indicated in a; the orientations in (d) are reversed as indicated

significant difference in evolution rates to a change
in the magnitude of the surface diffusivity. The
observation of distinct morphologies led us to
suspect that impurity-segregation induced changes
in the surface energy anisotropy and possibly
the nature of the stable surfaces might be
responsible.

Our interest in understanding how these dopants
assist or impede sintering, and impact other aspects
of microstructural evolution and stability, promp-
ted further model studies of crack healing, more
specifically, examining the late stages of healing in
which ‘cylindrical’ pore channels undergo Rayleigh
instabilities.>* 3! In conjunction with these model
studies, efforts were made to model this stage of
crack healing, and to incorporate effects of surface
energy anisotropy.>®% This body of work has
recently been reviewed, and the interested reader is
referred to Ref. 61 for a more detailed presenta-
tion. A brief summary of the key features follows.

Measurement and interpretation of the breakup
characteristics of ‘cylindrical’ pore channels are
major aspects of the work in Refs 29-31. The spa-
tial and temporal characteristics of such Rayleigh
instabilities have the potential to provide a wealth
of information relating to the thermodynamic and
kinetic properties of surfaces. Thermodynamic and
kinetic information can be inferred from the values
of the minimum wavelength for perturbation
growth, A, the wavelength of maximum (most
rapid) instability, Ay.x, and the time ¢ required for
breakup of a continuous channel into isolated par-
ticles or pores.

Analyses of the morphological instability of
continuous phases, such as those presented by Pla-

teau,®> Rayleigh,®3 Nichols and Mullins,** and
others subsequently, focus on the stability of a
cylindrical body with isotropic surface free energy
to sinusoidal perturbations of infinitesimal ampli-
tude. Two key quantities emerge from such ana-
lyses. The first quantity imposes a thermodynamic
limit on the process, while the second is relevant to
the kinetics of evolution.

For materials with isotropic ys, the thermo-
dynamic minimum or critical wavelength A, that
must be exceeded if there is to be a driving force
for the amplitude to increase is 27R (the cylinder
circumference).®> In an isotropic system, infinitesi-
mal perturbations with 4 <27R are predicted to
decay. Only perturbations with 4 > A, i.e. >27R,
increase in amplitude, and the magnitude of the
interfacial area (and energy) reduction increases
with increasing A.

Nichols and Mullins extended the method of
Plateau and Rayleigh to solids, and evaluated the
mode of maximum instability for solid cylindrical
rods,®* and for the breakup of cylindrical voids in a
solid via surface or lattice diffusion.® For a cylind-
rical void with isotropic surface energy, both the
perturbation growth rate and the dominant wave-
length depend upon the relative contributions of
surface and lattice diffusion to breakup.® Surface
diffusion dominated breakup is characterized by a
wavelength of 8-89R (=./2-Am;n); lattice diffusion
dominated breakup has a characteristic wavelength
of 13-2R (&2-1-Amin). The amplitude of the sinu-
soidal perturbation o increases (or decreases)
exponentially with time ¢, at a rate that depends
upon the magnitude of the so-called amplification
factor u, as described by eqn (2).
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a = a,exph’ ()

For surface-diffusion-controlled evolution,

DyyvQ?
M= R4kT [xz(l_xz)]
8, Dy 2
= g (1= 2)] 3

where Dy is the surface self-diffusion coefficient, §;
is the thickness of the zone in which surface diffu-
sion occurs, y, the surface tension, v the number of
diffusing atoms per unit surface area, €2 the atomic
volume, R the pore channel (or solid cylinder)
radius, kT has its usual meaning, x represents the
ratio 2R /A.

The subsequent analyses of Cahn,®® Stélken and
Glaeser,” and Glaeser® indicated that surface
energy anisotropy would play a key role in altering
the thermodynamic conditions and the kinetics of
evolution. The analysis by Cahn showed that for a
single crystal rod with a specific surface energy v,
that is isotropic in the plane transverse to the
cylinder axis (the R—0 plane), but a function of ¢
= (dR/dz) where z is the axial coordinate,

AN
dmin = 27R (1 + — [ =Z 4
g ( +Vs(3¢2)> @)

The kinetically dominant wavelength is also shifted
in comparison to its isotropic analogue. Stolken
and Glaeser have shown that

p 2.27R( 1 NEEAN 2 Jmin (5
max—\/ T < +ys<8¢2))—\/ min ()
It follows that when (8*y/d¢?) is large and posi-
tive, as might be expected for a surface orientation
corresponding to a sharp minimum in the y, plot, a
substantial stabilization would be expected, and
Jmin > 27R, and Amax > /2 Amin-

Table 1 summarizes the findings of experimental
studies of pore channel instability in both undoped
and implanted sapphire. High aspect ratio pore
channels were introduced into the basal plane of
sapphire single crystals using microlithographic
processing methods, and oriented along the indi-
cated directions. Samples were annealed at 1700°C,
and the breakup characteristics of the pore channels
were determined. Pore spacings were assumed to
reflect 4,,.«, and measured values were normalized
by the radius R of a cylindrical channel with equal
cross sectional area to allow a comparison with the
predictions of an isotropic analysis. As is evident,
none of the observations are compatible with an
isotropic analysis. It is particularly noteworthy that
although in undoped, Mg-doped and Ca-doped

Table 1. Spatial characteristics of Rayleigh instabilities in
undoped®® and ion-implanted3!:32 sapphire annealed at
1700°C

Channel Mean AR, Mean LR
radius R channels channels
Sample (um) parallel to [1100]  parallel to [1120]
Isotropic - (8-89) (8-89)
Undoped 0-33 45 130
Mg-doped 0-32 17 26
0-32 - 63
Ca-doped 0-50 - 65
0-71 - 62
Ti-doped 0-29 00 78

sapphire breakup was complete after several hours
of annealing, the channels oriented parallel to [1100]
in Ti-doped sapphire survived hundreds of hours at
1700°C without undergoing breakup. Surface
energy anisotropy can thus exert a very potent sta-
bilizing influence.

Interpretations of the kinetic data from such
studies (where effects of surface energy anisotropy
are indicated) in terms of isotropic models can lead
to significant errors.®® For the simple anisotropic
material considered, the modelling indicates that
the amplification factor takes the form

2

= SSD:VSQ [X2<1 B (1 +i <8 )/;))xzﬂ ©)
R*kT Vs \ 0

The magnitude and the sign of u at a fixed value

of A (recall that x =27R/4) are impacted by the

nature of the surface energy anisotropy. If an iso-

tropic analysis is used to deduce a value for the

surface diffusivity, an error will result that is
described by

-1 i 2
(D583 apparent. _ [1 s <a2ys)} _[As]
(Dsés)actual Vs 8¢2 ,aniso

max

Table 1 suggests that the wavelength ratio in eqn
(7) can be smaller than 0-1, and thus, factor of
> 100 underestimates of the surface diffusivity are
possible when surface energy anisotropy has a sta-
bilizing effect. We note that while in Rayleigh
instabilities the effects of anisotropy are relatively
obvious, the effects in other experiments (e.g.
scratch smoothing) may be equally important but
much more difficult to detect.

Recent work examining Rayleigh instabilities has
focussed on using mask design tools to allow the
production of pore channels with a pre-existent
perturbation of controlled amplitude and incre-
mentally varied wavelength. The value of A.,;, can
then be determined by experimentally by establish-
ing the smallest wavelength perturbation that
increases in amplitude, and the value of A, can
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be determined by identifying the wavelength that
evolves most rapidly. Experiments were conducted
on both undoped and Ti-doped sapphire, with the
most complete set of results available for undoped
sapphire. It was possible to estimate both A.;, and
Amax from the experimental data. Although the values
of Zmin and An., varied with channel orientation (as
expected), the modelling work predicts that the
breakup time ¢ for a perturbation wavelength 4 =
(> Amin) relative to the minimum breakup time,
A1 agsociated with the kinetically favored wave-

length, A = A,.x, depends upon the ratio A,,.,/4 as

follows
o _ (a5 _ (max )"
‘min  _ 12—
t A A ®)

The details of the anisotropy do not appear expli-
citly, and thus, the behavior from different chan-
nels with different values of 2., and from
experiments conducted at different temperatures
should in principle fall on one master curve. Fig. 4
shows the experimental results plotted in this
manner. The values deduced for .« spanned
roughly a factor of 2, while the minimum breakup
times spanned a factor of ~13. While the fit is not
perfect, the results are reasonably well consolidated
by this admittedly simple model. This suggests that
there is some merit to this representation of the
data, and that the approach used provides a valid
starting point for dealing with the effect of aniso-
tropy on such evolution processes.

In Rayleigh instabilities, the surface becomes
increasingly perturbed as time increases, the range
of surface orientations increases, and the driving
force for mass flow also increases. When experi-
mental results from such studies are interpreted
using a model that incorporates a correction for
surface energy anisotropy, the values of the appar-
ent surface diffusion coefficient are somewhat
higher than the average of values obtained in prior
studies. In an ensuing section, we summarize
observations from studies of pore shape changes,
and show that when nonequilibrium shape pores
are bounded by surfaces that are part of the Wulff
shape, the evolution rates can be very low, and the
inferred or apparent surface diffusion coefficients
can be much lower than the average of values
reported in prior studies. Thus, two experiments
performed on the same material, but starting with
different exposed surface orientations, and probing
different portions of surface orientation space lead
to considerably different estimates of the surface
diffusivity. It emerges that in the case of pore shape
equilibration, the mechanism of evolution may
change from diffusion limited to SALK as the sur-
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Fig 4. Plot of anneal time ¢ required for breakup of pore
channels with perturbation wavelength (pore spacing) A.
Anneal times are normalized by the minimum time for
breakup, which corresponds to channels with wavelength A
equal to the kinetically favored wavelength A,... The data
points at small values of A/Ap., With upward arrows indicate
that no breakup had occurred after the indicated normalized
time. Samples A and B correspond to two samples with
slightly different etch depths.

face orientation is changed.

3.2 The energetics and Kinetics of pore shape
changes in alumina

Relative surface energies in a material can be
determined through use of the Wulff theorem, eqn.
(1). This requires that the equilibrium shape be
reached, and that the relevant distances (Fig. 5),
can be measured. The Herring scaling laws,% and
predictions of evolution rates®” % suggest that for
most materials, the equilibrium shape will be
reached in reasonable times only if the particles or
cavities undergoing shape changes are of micron
size or smaller. Features in this size range are
readily accessible using conventional microlitho-
graphic processing.

Experiments were performed using undoped
sapphire (Crystal Systems, Salem, MA) of m (1010)
orientation with a total cation impurity content of
~70 ppm relative to Al. The wafers were cut to
produce substrates 12-7x12-7x0-35 mm. A mask
for photolithography was designed to produce
three separate square arrays of pores with
approximately square cross sections and pore
dimensions of 2x2, 4x4 and 8§x8 um with 10 um
edge-to-edge spacing; each pore array had a size of
1 x8 mm. The etch depth was ~0-37 um. The pores
thus have a sufficiently fine size to reach equili-
brium shapes in reasonable time periods. The abil-
ity to produce large numbers of nominally identical
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Fig. 5. Illustration of pore morphology changes in an isotropiac material (left) and in a material in which v; varies with orientation

(right). In both cases, the equilibrium shape is reached when the chemical potential on the surface u;, is constant. For an isotropic

material, this arises when the curvature « is constant everywhere. For an anisotropic material, this arises when the weighted mean

curvature (wmc) of each facet is the same. For the facetted crystal, when wmic is constant, the ratio vy;//; is also constant. The result
vi/l; constant is basically the Wulff theorem.

pores allows measurements on many equilibrated
pores, improving the statistical value of the data.
Dense undoped polycrystals were produced from a
high-purity alumina powder (Showa Denko, UA-
5105), and determined to be equivalent in purity to
the single crystals. A polished alumina polycrystal
was placed onto the sapphire substrate, and they
were bonded to one another by hot pressing in a
graphite heating element hot press at 1300°C for 1
h in vacuum (=10~* torr) with an applied pressure
of 10 MPa. Once bonded, the pores are isolated
from the furnace environment, avoiding the com-
plications from contamination that can arise in
experiments involving powder particles. By polish-
ing the external surfaces of the bonded assemblies,
the internal features can be examined using optical
microscopy.

Anneals were performed in a W element furnace
in flowing, gettered Ar at 1600°C for times up to
480 h and at 1800°C for times up to 80 h. During
annealing, the single crystal consumes the poly-
crystal; the pore spacing and grain size were such
that the pores separated from the single-crystal—
polycrystal interface and were isolated within the
single crystal. This eliminates the possibility that a
grain boundary intersects the pore and modifies the
observed shape. The morphological evolution of
pores was monitored using optical microscopy.
Once the coarsest pores had reached what
appeared to be a time-independent shape, the
sample was ground using a high-speed wheel with
the plane containing the pores inclined slightly (1—
2°) to the plane of polish. This exposed a strip of
the pore array, while maintaining the other pores
fully enclosed by sapphire. Grinding damage was

removed by polishing. The pores exposed in this
manner were examined using both a scanning elec-
tron microscope (SEM) and an atomic force
microscope (AFM) to identify the facet structures.
The information derived from one cross-section
could then be used in a simulation to predict the
pore structure as viewed from a different direction.
Specimens providing views along different direc-
tions in the crystal were prepared to assure internal
consistency in the observations. The evolution of
equilibrium pore shapes in Ti**, Ti*", Ca?", and
Mg?* doped material was also examined using
similar procedures, except that doped polycrystals
were prepared. The interested reader is referred to
Ref. 42 for a more detailed description of this
work.

Figure 6(a) and (b) are SEM micrographs of
exposed pores in undoped alumina annealed at
1600 and 1800°C, respectively. The sections shown
expose surfaces parallel to the m-plane; samples
were also cut to reveal sections parallel to the a-
plane. A pore exposed parallel to the m-plane can
supply data for ¢ (0001) and (112x)-type planes. A
pore exposed parallel to the a-plane can supply
data for ¢ (0001) and (101x). Collectively, this set of
data should provide complete information regard-
ing the relative surface energies of low-index planes
of alumina. The ¢- and a-facets can be easily iden-
tified from a knowledge of the orientation of the
sapphire substrate. Other facets normal to the
plane of the image are identified by the angles they
make to the c-facet. For example, r-, s- and p-facets
make angles of 57-6°, 72.4° and 61-2° to the e-facet,
respectively. [The p-facets are of the (112x) type.]
Interfacet angles can be determined from AFM
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(©

(d)

Fig. 6. SEM micrographs of pore morphology after annealing at (a) 1600°C and (b) 1800°C; the plane of polish is parallel to the m-

plane. Equilibrium pore shapes at (¢) 1600°C and (d) 1800°C when viewed along the same direction as in (a) and (b) as predicted

from values of relative surface energies determined from cross sections of pores viewed along several different crystallographic
directions.

traces taken along known crystallographic direc-
tions on surfaces of known orientation. Figure 6(c)
and (d) are the simulated pore shapes correspond-
ing to Fig. 6(a) and (b), respectively, with facets
labelled. The relative surface energies, normalized
by y of the (0001) surface, that generate the simu-
lated pore shapes consistent with the observations
are summarized in Table 2, and compared with the
values reported in the work of Choi et al.%’
Several key features merit emphasis. The results
agree with those of Choi et al. in the sense that the
same five planes are identified as components of the
Waulff shape of undoped alumina, the c-, s-, r-, a-,
and p-planes; the m-plane, predicted to appear, is
absent in this and all other doped specimens exam-
ined.*? To our knowledge, the energy of the p-plane
has not been calculated. At fixed temperature, the
variation in the energy of stable surfaces is quite
small, of the order of +10% of the mean value.
The results show that the relative energies change
with temperature. In a pure system, one might
expect the surface energy to decrease with increas-

ing temperature due to entropy effects. In undoped
systems, the degree of segregation will vary tem-
perature, and this will add a second term to the
temperature dependence of y. It should also be
noted that as a result of these two factors, the
temperature dependencies of y for different facets
can be quite different, and thus affect the tempera-
ture dependence of the Wulff shape. We note that
the values of the relative energies obtained in the
present work do not agree with those reported by
Choi et al. In the current study, the r-plane is
found to have the lowest energy at both temperatures
examined. It is possible that this reflects differences in
the background impurity content of the two
‘undoped’ materials examined. The influence of
background impurities and the effect of temperature
may also contribute to the disparity that exists
between computed and observed (Table 2) trends
in the relative values of surface energy for low-
index planes in alumina.

The extension of this method to studies of doped
aluminas has revealed two broad categories of
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Table 2. Experimentally determined relative surface energies of a-alumina

Plane 1600°C; Choi et al.®® 1600°C (this study) 1800°C (this study)
¢ (0001) 1.0 1.0 1.0

s (1011) 1-07+£0-02 0-947+0-016 1-042+0-019
r(1012) 1-05+0-02 0-855+0-017 0-950+0-0-030

a (1120) 1-22+£0-05 0-947+£0-026 1-080+0-017

p (1123) 1.06 = 0-02 0957 +0-026 1029+ 0016

m (1010) >1-16 >1.008 >1-115

behavior. In 500 ppm Ti*" and 250 ppm Mg?>*
doped materials, the effect of the dopant was to
modify the relative surface energies, and to reduce
the spread in relative values. One expects that this
coincides with a reduced spread in the absolute
values of the surface energies as well. The ‘homo-
genizing effect’ of Mg?* is evident. In contrast to
these dopants, Ti** and Ca?" additions cause
more major changes in the Wulff shape. In (500
ppm) Ti** doped material, the s- and a-planes are
absent, and the equilibrium shape is a combination
of ¢-, r-, and p-planes. In Ca’?*-doped material, a
new r-type plane appears. The details of this work
are the subject of several forthcoming publications.

The same experimental approach, but applied to
larger pores that are initially farther from their
equilibrium shape can be used to examine the
kinetics of pore shape evolution, and to assess the
effects of crystallography on the evolution process.
By comparing the observations to the predictions
of a model for surface-diffusion-controlled evolu-
tion, it is possible to infer whether the process is
rate-limited by diffusion or instead controlled by
surface-attachment/detachment  processes  or
nucleation at the surface.?!-2>-69.70

The modelling of shape changes in facetted crys-
tals due to surface diffusion has been the subject of
several recent publications,>>#>%%7! and is the
focus of several forthcoming papers (e.g. Ref. 71)
The key elements of the modelling are summarized
here.

When a facetted crystal or a facetted cavity has
the equilibrium shape, the weighted mean curva-
ture (wmc),””> and the chemical potential will be
constant, and there is no driving force for mass
transfer and shape changes. In contrast, when the
shape deviates from the Wulff shape, the wmc, and
the chemical potential will all vary from facet to
facet on the surface of the particle or pore. This
spatial variation in the chemical potential creates a
driving force for mass transfer that allows the system
to approach the equilibrium shape, albeit asymp-
totically. For mass transport controlled by surface
diffusion, the surface flux, J,, can be related to the
gradient in the chemical potential at the surface.
When the difference between the local potentials
and the standard potential u, is small, then Fick’s

first law of diffusion for the surface flux (in atoms/
m?s) can be written as

D, du
J=—=——— 9
’ VkT dx ©)

where D; is the surface diffusion coefficient, V is the
molar volume, k is Boltzmann’s constant, and T is
absolute temperature.

If initially the chemical potential on the facet of a
nonequilibrium shape crystal were constant on the
entire facet, then discontinuities in the chemical
potential would exist at the facet edges. These dis-
continuities would be rapidly eliminated, and after
some transient, the chemical potential would be
expected to vary with position on the facet such
that the potential is continuous across the facet
edge. In this paper, we specifically consider cases
where the facets undergo uniform normal dis-
placements. This requires that the rate of mass
deposition or removal be uniform on each facet.
The gradient or divergence of the flux must be
constant on each facet, and this implies that V?u
be constant on each facet. The potential, and the
gradient in the potential must be continuous at the
facet edge.

If we have two facets, 1 and 2, that exchange
mass, one approach to these diffusion problems is
to determine the forms of u{" and u® that satisfy
the boundary conditions. Then, with a knowledge
of the materials parameters, the mass addition/
removal rates can be calculated. This is the essence
of the method developed by Carter et al., and pre-
sented in Refs 25 and 69. This approach is rela-
tively simple to apply to 2-D problems, but
satisfying the boundary conditions becomes very
difficult when the diffusion problem is three-
dimensional.

A simpler approach to dealing with 2-D problems,
and more readily extended to 3-D cases, recognizes
that regardless of the form of the chemical potential
gradient on a facet, the total mass arrival rate for a
facet is the sum of the mass flow rates at the facet
edges. These flow rates are dictated by the gra-
dients in the potential at the facet edges. If it is
implicitly assumed that the deposition rate is uni-
form on the facet, the problem reduces to one of
calculating or estimating the gradients at the facet
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edges. Kitayama*>’! approximates the gradient at the

facet edge as the difference in the mean potentials on
the adjoining facets divided by an ‘average’ diffusion
distance, and considers a flux equation of the form

_I_/kT Axy

(JS)2—> 1=

where Afi>_,1 = i1—i represents the difference in
mean potential, and Ax,_.; is the effective diffusion
distance. The mean chemical potentials, 1 and >
depend upon the weighted mean curvature. Recent
work has shown that the two approaches to mod-
elling give results that differ by only a factor of 1-5
for several different particle geometries.

The geometry of specific interest here is one in
which we have a rectangular cross section in the x—
y plane, and the pore or particle has infinite extent in
the z-direction, as illustrated in Fig. 7. We consider a
case in which the volume per unit depth is con-
served, and for the 2-D case, this is equivalent to a
condition of constant cross-sectional area, A
=4[,l,= constant. Shape changes that conserve
volume and involve normal displacements of the
facets are thus subject to the constraint that

dh = —5—%111 (11)
1

The driving force for the shape change is the
reduction in total surface energy. This can be
determined either by differential geometry, or by
using the weighted mean curvature (wmc).”> The
differential surface energy change per unit depth of
crystal due to a shape change will be given by

/
(AF) e = (4 1)[—yl Ba + yzdzl]

This expression equals zero when the Wulff condi-
tion, eqn (1), is satisfied. When /, exceeds the equi-
librium value, the term in brackets is negative, and
dF; is negative when d/; is positive.

If we consider the surface energy changes that
arise when one transfers dn moles from a single
surface of area A, per unit depth and energy y» to a
single surface of area A; per unit depth and energy
y1, the appropriate expression for dFj is

/
(dFy), = (2'1)|:—)/1 fdll + V2d11:|

_ (2-1)[y2 _y j—jdzl (13)

The volume per unit depth swept due to the dis-
placement of facet 1 by an amount d/;, dV;, can be
related to the number of moles transferred dn and
the molar volume, V, as follows

Vdn
251

dV1 %212-1-(111 = Vdn = dl] = (14)

Inserting this into eqn (13) and rearranging, we
obtain for the differential change of energy

@F), . = 7(22 =2 )dn (15)
L I

The ratio of the free energy change and number of

moles transferred is a chemical potential difference,

and thus, we obtain

dF,
( ‘S> =Alr 1 =1 — U2
dn /),

_p(r_n
_V<12 ll) (16)

Y2

/
_ (4-1)[)/2 o f]dzl (12)
71
unit deptb
b : o
#
d P _

(2)

Fig. 7. Illustration of the stretched square geometry assumed in the modelling, and the parameters used in the geometric
description.



2204 M. Kitayama et al.

The identical result can also be achieved if the dif-
ference in wmc of facets 1 and 2 is evaluated.”?

The calculations of the displacement rates for
facet 1 for the stretched square involves the fol-
lowing steps. The infinitesimal volume change of a
single facet of type 1, dV;, during an infinitesimal
time interval d¢ is expressed as

AV, = Aidly = J,-8,-L-Q-dt (17)

where A4, is the area per unit depth of facet 1, §; is
the diffusion width or surface thickness, taken to
be equal to Q'3 where Q is the atomic volume, and
L is the total common or shared edge length
between the interacting facets. The product §,-L
represents the area through which diffusion is
occurring. This equation can be rearranged and
combined with eqn (10) to yield the following differ-
ential equation for the displacement rate of facet 1

dliy  Jy8L-Q  DQY L Am, .,
dt A VKT A Axa_

(18)

For the stretched square, with Aji,_,; given by
eqn. (16), Ax,_; set equal to (/;+ 1)/2, and L,
set equal toA./4/;, the potential gradient can be
written as

(V2 Vi
(22) (-7

AXx Stqu_ (h+5b)
_8_1_/ V2'41%_V'Acs (19)
Ao\ A+ A

For unit depth of the stretched square, taking
A1=2L-1, L = 2, and using eqn (19), eqn (18)
takes the form

d, 32D, 1
de Stqu_ kT Ags

Y24l —yi-h A
412 + A

(20)

Letting Req=(y2/y1) this equation can be re-
expressed as

(%) __32D2%p 1
dz StrSq kT A(zzs
Re -4 2 _Acs
MReq 4T = As) g
417 4 Aq

Solving for dz and integrating leads to

kT A2 (1
— )suse = | ——n— )| 211
(1 = 1)sursq (DSQ4/3V1>[32 n 1(1t“)

_AL(1+ Ry
64 Roq

.m(Acs — 40’ Ry )} 22)
Ags — 41 Req

where / Y“) is the value of /; at time ¢, and /{? is the

value of /; at time ¢. The predictions of this model
can be compared with experimental results.

The experimental procedures employed to exam-
ine pore shape evolution were similar to those
described for the Wulff shape experiments. Optical
finish (premium grade) sapphire single crystal sub-
strates with surface planes of the (0001), {1012},
{1120} and {1010} type (abbreviated as ¢, r, a, and
m, respectively) were purchased from Meller Optics
(Providence, RI). A mask containing a square
array (250x250) of pores individually 16 x 16 um
with a 16 um edge-to-edge spacing was fabricated,
and 62500 identical surface cavities with a final size
of ~20 x 20 x 0.5 um were lithographically intro-
duced onto ¢, r, a, and m orientation sapphire
substrates. A second (single crystal) substrate of
identical orientation was placed upon the etched
surface and aligned to produce, at worst, a very
low angle misorientation (<1°) twist boundary.
The two sapphire substrates were again bonded by
vacuum hot pressing. The pore shapes after bond-
ing and prior to annealing were essentially identical
to those etched into the sapphire wafers [Fig. 8(a)].
Subsequent annealing was performed in a vacuum
furnace at 1900°C. Samples were initially annealed
for 4 h and then for an additional 12 h. Optical
microscopy was used to follow the morphological
evolution of the pores.

The sequence of Fig. 8(a)-(e) show the mor-
phological evolution at 1900°C of internal pores in
sapphire substrates of various surface orientations.
Fig. 8(a) is indicative of the initial ‘as-bonded’
pore structure in a/l samples. Figure 8(b)—(e) show
the shapes of pores etched into ¢, r, a, and m-
oriented substrates, respectively, after total anneal
times of 4 and 16 h at 1900°C. The substrate
orientation, and thus, the crystallography of the
surface that dominates the initial pore shape has a
profound effect on the rate and nature of the
morphological evolution. The m-orientation speci-
men evolved most rapidly and homogeneously.
The c-orientation substrate exhibited the least
shape change after 16 h at 1900°C. The r- and a-
orientation specimens showed intermediate rates
of evolution, and evolved inhomogeneously, some
pores approaching the evolution rate characteristic of
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a) Typical image of

as-bonded sample

b) c(0001)

¢) r(1012)

d) a(1120)

e¢) m(1010)

Fig. 8. Optical micrographs of internal pores in sapphire of varying surface orientation (a) after bonding, and (b)—(e) after anneals
of 0, 4, and 16 h at 1900°C.

the m-orientation specimen extreme, and others
exhibiting markedly smaller shape changes.

The predictions of a model based on surface dif-
fusion control, eqn (22), and experimental mea-
surements (=20 representative pores in each
sample for each annealing condition were exam-
ined) are compared in Fig 9. The error bars indi-
cate the standard deviation in the measurement. In
view of the results of the Wulff shape determina-
tions, and the relatively modest effect of sig-

nificantly larger variations in R.q on the kinetics of
evolution,”® R, was set equal to one, and y; =y,
= 1.0 J m~2) was assumed. As mentioned pre-
viously, reported values of the §,D, product for
alumina vary by several orders of magnitude at
fixed temperature. To reflect this in the calcula-
tions, values of §,D, corresponding to the highest,
(extrapolated) ‘average’ and lowest values for
nominally pure materials,> 1.23 x 1077, 1-60 x
1072 and 292 x 107!'° (m? s7!), respectively, at
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Fig. 9. Plot of computed times to reach specific w/d ratios at

1900°C as a function of §,D,, and comparison with experi-

mental data (selected data points are shifted slightly on the

time axis to allow better resolution of the error bars, all data
are at 4 and 16h).

1900°C, and effective molecular volume, Q = 2.11
x 1072 (m?), were used as input parameters for
the simulations.

There are several important features. It is clear
that an interpretation of the results in terms of
surface-diffusion-controlled  evolution  would
require that 8,D, vary substantially with surface
orientation, and also with time since the observed
time-dependence of the w/d ratios crosses the lines
or trajectories for fixed values of the diffusivity.
Insistence on a surface diffusion interpretation
requires a diffusivity that decreases with time
(driving force). The Wulff shape experiments show
that a roughly equiaxed pore should form. How-
ever, the observations of this study indicate that
pores of distinctly nonequilibrium shape undergo
relatively little shape change in the time interval
from 4 to 16 h at 1900°C. This could be interpreted
as indicating that the shape changes are diffusion-
controlled only during the very early stages of
evolution (possibly for anneals <4 h for some
orientations), and that SALK-dominated behavior
controls the later stages of evolution. Thus, it is
only for the m-plane that the experiments are in
good agreement with a surface diffusion model,
and ironically, this is precisely the orientation for
which the geometric assumptions in the model are
most flawed. For the other three orientations,
values of §,D, that vary from being modestly lower
than average to substantially lower than the lowest
reported value of §,D; are inferred.

The observed behavior suggests that the stability
of the surface that dominates the as-bonded pore
shape has an important influence on the evolution
behavior. The results of Choi et al.®® at 1600°C and
the work of Kitayama** at 1600 and 1800°C have
shown that the ¢(0001), r{1012} and a{1120}
planes are components of the Wulff shape of
undoped sapphire, whereas the m{1010} plane is
not. If we presume this to also be true at 1900°C,
then the dominant bounding surfaces of cavities
etched into c¢-, r-, and a-orientation substrates will
be stable. Mass flow will cause the decay of local
perturbations or irregularities in these stable sur-
faces. In general, the crystals are not perfectly
oriented, and the large pore surfaces will develop
ledges that are due to the miscut. As the pore shape
evolves, these irregularities and miscut-related led-
ges that provide sources and sinks for adatoms
during the initial stages of evolution, will tend to be
removed. In the absence of a continuous supply of
ledges, as might be provided by a screw dislocation,
mass transfer may change from diffusion-limited to
surface-attachment-limited. We speculate that the
inhomogeneous evolution pattern of pores in the r-
and a-orientation samples may reflect pores that do
and do not intersect a dislocation that can generate
surface defects, respectively. Similar conclusions
relating to pore migration kinetics were reached in
the work of Lemaire and Bowen.”* The observa-
tions for the c-plane samples suggest that very few
dislocations with Burgers vectors perpendicular to
or inclined to the c-direction are present or inter-
sect the surface.

In contrast, pore shape evolution in m-oriented
substrates was rapid and uniform. The apparent
8,D, during the early stages of evolution is near the
average value at this temperature, and then
decreases slightly with increasing anneal time. The
results of Choi es al.®® and Kitayama*? demon-
strate that the m{1010} plane is not part of the
Wulff shape of undoped sapphire between 1600
and 1800°C. Rapid and spontaneous decomposi-
tion of the m-plane of undoped sapphire into a fine
spatial scale hill-and-valley structure comprised of
other low index planes at 1400°C has also been
observed by Heffelfinger and Carter.”> Similar
changes at 1900°C would lead to structural dis-
ruption of the dominant bounding plane. Although
the macroscopic orientation of the surface is
maintained, microscopically the surface is rough. It
is possible that the valleys formed at the intersec-
tion of two facets serve as a favorable site for
nucleation of ledges, and that the ultimate decrease
in the evolution rate may in part be due to the
coarsening and ultimate disappearance of this hill-
and-valley structure as the pore approaches its
equilibrium shape.
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4 Summary and Conclusions

Microdesigned interfacial defect structures have
been shown to provide a vehicle for examining
both the energetics of surfaces in alumina, and also
for examining the kinetics of microstructural evo-
lution. Experiments probing the Wulff shape of
alumina indicate that the anisotropy of the surface
energy is relatively small, a function of temperature,
and influenced by impurity additions. However,
experiments show that the spatial characteristics of
evolution, or the temporal characteristics of evolu-
tion, or both are strongly affected by surface energy
anisotropy. The root cause may be energetic, as in
Rayleigh instabilities, or mechanistic, as appears to
be the case in the studies of pore morphology
changes. Vastly different apparent diffusivities can be
deduced if surface energy anisotropy and the poss-
ibility of changes in rate-controlling mechanism are
not considered. It is hoped that further experiments
of the type described may be useful in probing
the transition from diffusion-controlled to surface-
attachment-limited kinetics, and thereby improving
our understanding of microstructural evolution in
ceramics.
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