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ABSTRACT 

f.:ei....-Z."7"702 

A recently developed technique, which utilizes photolithographic methods 
developed in the semiconductor industry in conjunction with ion beam milling 
and hot pressing, allows the production of submicron-scale, controlled-geometry, 
controlled-crystallography pore or defect structures at internal interfaces in 
controlled misorientation bicrystals, single crystal-polycrystal ensembles, and 
polycrystal-polycrystal ensembles. Such microdesigned pore structures provide a 
new tool for studying processes during several stages of processing. The 
application of the technique to studies of processes as diverse as binder removal 
and redistribution to pore-boundary separation in alumina is described. 
Additional research applications and future trends are indicated. 

INTRODUCTION 

The microstructural changes that occur during sintering of powder compacts 
and during subsequent use of the dense ceramic are generally complex. Changes 
in one processing parameter can affect the thermodynamics and kinetics of many 
if not all of the competitive and concurrent processes that collectively define the 
path of microstructural development. Thus, multiple interpretations of the same 
alteration of microstructural evolution are often possible. The many suggestions 
that have been made as to the role played by MgO additions in modifying the 
sintering behavior of alumina serve as an excellent example. 1 

Model experiments can be extremely useful in resolving such difficulties, 
and thus, in promoting an improved understanding of processing. Well-designed 
experiments allow the isolation and systematic study of specific processes under 
well-defined conditions. Model experiments that simulate the simplified 
microstructures and geometries that have been theoretically modelled provide a 



vehicle for either verifying the modelling approach, or detecting and correcting 
fundamental errors. Model experiments that simulate and allow the study of more 
complex microstructures and processing conditions provide a tool for approximat
ing microstructural evolution in "real" materials. An ideal experimental method 
would provide access to the full spectrum of microstructural complexity. 

Our recent work has focussed on utilizing photolithography to develop a new 
set of model experiments. Photolithography is versatile, and provides a means of 
simulating a broad range of microstructures. At one extreme, it allows the 
production of highly idealized and simplified structures similar to those assumed 
in theoretical models, and thereby permits a more rigorous test of these models 
than is possible using more conventional experimental approaches. At the other 
extreme, relatively complex microstructures can be simulated, and thus, 
microstructures that more closely approximate those that arise during the 
manufacturing of real materials are also possible. As a result, such experiments 
have the potential to address a wide range of problems, to provide a link between 
theory and practice, and to further our understanding of the processes that 
collectively dictate microstructural evolution. 

The objectives of the current paper are to provide an overview of the 
lithographic method, and to describe current and potential applications of the 
method to ceramic processing studies. A brief introduction to the sample 
preparation procedure defines some of the capabilities and limitations. Two 
applications of the general technique are highlighted. The first, binder 
redistribution and binder burnout, provides a vehicle for illustrating the level of 
complexity that can be achieved in two-dimensional microstructures, and 
addresses processes occurring in the green compact. The second, pore-boundary 
separation, addresses microstructures and processes that arise and are important 
during the final stages of densification. Additional research applications are 
summarized with the intent of providing a more comprehensive view of the range 
of problems that can be addressed. Finally, some emerging capabilities and 
opportunities are outlined. 

EXPERIMENTAL PROCEDURE 

Lithography has furnished a new tool for studying a number of processes 
that occur during various stages of ceramic fabrication or during use at high 
temperature. The combination of photolithographic methods and ion beam 
etching provides the ability to defme and introduce surface features with a 
controlled geometry and spacing. Hot pressing provides a means of transferring 
these surface features to an internal interface: A brief overview of the procedure 
follows. More detailed descriptions of the experimental method have been 
published elsewhere.2.3 

The processing initiates by coating a substrate with a uniformly thick 
photoresist layer. The majority of our work has utilized sapphire single-crystal 
substrates, however, single-crystal lithium fluoride wafers and glass substrates 
have also been used. It should also be possible to process polycrystalline 
substrates. Using a typical range of processing conditions, the thickness of the 
photoresist can be varied from 1.3 to 2.6 J.Lm. The photoresist is then selectively 
exposed using uv radiation. The shape of the exposed features reflects the mask 
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pattern. The geometry of features on the mask is defined using pattern generation 
software. For positive photoresists, exposure increases the solubility of the 
photoresist and allows its selective removal, thus exposing the substrate. 
Negative photoresists (or negatives of the mask itself) can be used to produce the 
reverse pattern. For sapphire, ion beam etching is used to etch the exposed 
ceramic surface, and thereby transfer the mask pattern to the substrate. If a 
suitable etchant can be found, chemical etching is also possible. 

If one is interested in examining the evolution of defects at external 
solid-vapor or solid-liquid interfaces, the as-prepared etched specimen can be 
used. In the majority of our work, the morphological evolution of internal 
defects, or their interaction with grain boundaries, or both, has been of interest, 
and hot pressing has been used to transfer the surface pattern to an internal 
interface. We have successfully bonded etched sapphire to an unetched alumina 
polycrystal by hot pressing for 1 hat 137o·c with a pressure of 15 MPa and a 
vacuum of 2.6 X 10'3 Pa. 

A wide variety of ensembles can be produced to address a broad range of 
experimental interests. Suitable combinations and relative orientations of 
single-crystal wafers and polycrystals provide access to a wide range of interfacial 
microstructures and grain boundary misorientation relationships. For example, 
zero-misorientation bicrystals can be produced to allow the study of intra granular 
defects, whereas polycrystal-polycrystal ensembles provide an opportunity to 
simulate and study defects in typical polycrystalline materials. 

Examples of accessible surface structures are provided in Figure 1. Those 
illustrated have been utilized in studies of a) pore-boundary separation,4.s b) ~ore 
coarsening and pore elimination,6 c) Rayleigh instabilities/ and d) facetting. ·8 

Using conventional photolithographic methods, features with a minimum 
dimension of order one to two microns can be produced. Sufficiently small 
features can be repeated up to 106 times on a single substrate. The accessible 
range of feature depth depends upon the photoresist thickness, the relative etching 
rates of the substrate and the photoresist, and the quality of the surface finish, but 
is typically of the order of a few tenths of a micron, yielding minimum feature 
volumes that are <1 JJ.m3

• Under optimum conditions, the relative location of the 
features can be controlled to within ±0.1 JJ.m. 

Several different approaches are available for studying the evolution of 
defect structures. For surface structures, optical and scanning electron 
microscopy are convenient. When optically transparent materials such as 
sapphire are used, optical microscopy provides a convenient nondestructive 
means of studying the evolution of all but the finest scale internal features. Using 
this method, a single sample can be given repeated anneals, and the time 
evolution of specific defects can be studied. Optical hot stage microscopy is an 
additional possibility. When greater resolution is required, or when opaque 
material is used, fracture surfaces can be examined using optical or scanning 
electron microscopy. If necessary, lithography can be used to introduce sharp 
precracks along the perimeter of the features of interest to promote failure along 
the bonded interface. Finally, for the finest features, or when high spatial 
resolution is required, foils containing interfacial structures can be prepared, and 
examined using transmission or scanning transmission electron microscopy. 



Figure 1 Examples of accessible surface structures: a) monosized and 
b) bimodal pore arrays, c) pore channels of varying aspect 
ratio, and d) progressively rotated triangular defects. 

SELECTED APPLICATIONS 

The complexity and diversity of microstructures that develop naturally 
during the course of sintering can limit the spectrum of processes that can be 
investigated using a particular experimental approach. The ability to simulate a 
broad range of microstructures is one of the strengths of the lithographic 
approach. To demonstrate this, two applications are highlighted. In one, the 
lithographically produced features simulate green microstructures; in the other, 
microstructures that develop during final stage sintering are produced. 

Redistribution and Removal of Binders 

As a result of their limited plasticity, ceramics are typically formed from 
powders. Particulate-based forming techniques often entail the use of a liquid or 
organic material (or both) to provide proper deformation and flow characteristics, 
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and to improve the green strength of the as-formed object. For some forming 
operations, the green ceramic can contain as much as 40% organic by volume. 
The organics must be completely removed before sintering and pore closure. 

Cima et al. have proposed that the distribution of binder components in a 
green body can be divided into two regimes: a distribution governed by diffusion 
processes, and a distribution that is governed by capillary migration processes.9 

The green microstructure will impact the magnitude of suction pressures 
motivating binder redistribution and the viscous pressure drop opposing flow, 
with redistribution playing a more important role in coarser microstructures. 

Recently, Lewis and Cima examined the redistribution within and removal 
of binder from, lithographically introduced pore networks in glass. Io The sample 
geometry used is illustrated in Figure 2. Buffered HF was used to etch =5 J..Lm 
deep pore channels. The channels were filled with a binder and a top cover was 
placed down onto the filled channels immediately to promote bonding. Optical 
hot stage microscopy was used to examine the redistribution of dibutyl phthalate 
into finer capillaries as the larger capillaries emptied. 

L ........ /opcover 
etched region 

glass substrate 

Lewis and Cima (1989) 

Figure 2 Schematic illustrating sample configuration used by Lewis 
and Cima to investigate binder burnout. 

In collaboration with Cima and Lewis, efforts have been undertaken to 
extend the experimental capabilities by removing two limitations: 1) the minimum 
accessible channel width was 20 J..Lm, and 2) particles were approximated as 
rectangles.11 Figure 3 illustrates a mask containing a range of continuous pore 
structures. It is possible to simulate both well-packed and low-density regions of 
a compact The "particle size" developed on the mask is of order l6J..Lm. A 
reduction of up to 10:1 can be produced during exposure. With a more modest 
4: 1 reduction, 4 J..Lm diameter particles and = 1 J..Lm width pore channels can be 
simulated, thus permitting the use of optical microscopy to study the evolution of 
binder distribution. 
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Figure 3 Mask illustrating a more comprehensive set of structures for 
studying binder redistribution and removal. Counterclockwise 
from upper right: straight-walled capillaries incorporating an 
abrupt change in capillary radius, capillary superimposing 
abrupt and periodic variation in capillary radius, an ordered 
periodic two-dimensional capillary network, and a capillary 
network simulating a poorly packed compact. 

This example thus demonstrates that green compact microstructures can be 
simulated using lithography. In addition to facilitating the study of binder 
redistribution and removal, controlled-geometry networks can be used to study 
drying processes. There are also a number of processing approaches in which the 
inflltration characteristics of porous media are of interest. Porous networks of the 
type illustrated can be infiltrated by a slip, liquid metal, a polymer precursor, or a 
vapor. Although the network is only two-dimensional, modelling of these flow 
processes in two-dimensional networks will be simpler, and opportunities for 
direct comparison between results of computer simulations and experiment 
suggest themselves. 

·~ 
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Pore-Boundary Interactions 

During the initial and intermediate stages of sintering, the pore network is 
continuous and intersected by grain boundaries. As a result, grain boundary 
transport can contribute to pore elimination and densification. In the final stages 
of sintering, the pore network is no longer continuous. If discrete pores remain 
attached to grain boundaries, grain boundary diffusion can continue to contribute 
to their disappearance. Premature pore-boundary separation, however, generally 
precludes complete densification of ceramics. As a result, considerable attention 
has been given to modelling pore-boundary interactions during sintering.12

-
17 

There is great interest in identifying additives (dopants) and processing conditions 
that forestall pore-boundary separation. 

Lithography forms the basis of a model experiment for investigating 
pore-boundary interactions and identifying conditions of pore-boundary 
separation by providing a means of introducing arrays of pores of controlled size 
and spacing at grain boundaries. The size plays a key role in determining the pore 
mobility and the maximum drag force per pore. The pore spacing affects the total 
drag force exerted on a boundary, and thus, the net driving force for grain 
boundary migration. The capabilities of lithography have been exploited to 
examine pore drag and pore-boundary interactions in undoped and MgO-doped 
alumina. An overview of the approach and results follows; a complete 
description of this work is available in references 4 and 5. 

Large arrays of uniformly spaced pores of 3 )..l.m diameter and 0.24 ).J.m depth 
arranged in a square lattice were introduced into sapphire single-crystal wafers. 
Arrays with center-to-center pore spacings of 4, 6, 8, and 10 )..l.m were produced. 
Etched sapphire wafers were subsequently bonded to theoretically dense undoped 
and MgO-doped alumina polycrystals, thereby transferring the pore arrays to a 
single-crystal/polycrystal interface. 

During annealing at 160<YC, the pores, which originally have a disklike 
shape, become more equiaxed. As a result of the progressive reduction in the 
effective areal density of the pores, the net driving force acting on the boundary 
increases. The pores accelerate, and ultimately reach a steady-state velocity. 
During growth of the sapphire into the polycrystal, pore arrays either remain 
attached (migrate with the boundary) or they separate from the interface, leading 
to the isolation of the pores within the growing sapphire single crystaL This can 
be assessed by microstructural evaluation of sapphire/alumina cross sections. The 
effects of changes in matrix grain size, and pore spacing on pore-boundary 
interactions can thus be assessed. 

In cases where pore-boundary separation does occur, measurements of the 
pore velocity just prior to separation define the peak pore velocity vP. A value for 
the surface diffusion coefficient Dz can be extracted from measurements of vP by 
using the result of an analysis by Hsueh et a/. 12 



where Q is the atomic volume ( =2.11 X 1 0-29m3 for alumina), 08 the thickness of 
the layer within which surface diffusion occurs (assumed to be 0.3 nm), Y~ the 
surface energy, r the radius of a spherical pore of equivalent volume (=0-67 J..Lm in 
the present case) and 'I' the dihedral angle ('If= 115° for MgO-doped alumina and 
'If= 118° for undoped alumina18• 1~. 

This method of determining the surface diffusivity is appealing for several 
reasons. The diffusivity is deduced from a study of the specific process of interest 
rather than being inferred from measurements of the rate of processes that are 
microstructurally dissimilar. Since the pore radius can be controlled precisely 
using lithography, this approach provides an attractive alternative to measure
ments of peak pore velocities on naturally occurring pores.20 Since the pore array 
geometry can be reproduced, a comparison of the peak pore velocity in doped and 
undoped material provides a method of assessing and quantifying the effect of the 
dopant on surface transport. Such a comparison for undoped and MgO-doped 
alumina indicates that the surface diffusion coefficient at 1600°C is increased by a 
factor of =4 by the addition of 250 ppm Mg0.4.s 

The peak pore velocity measurements, in addition to allowing quantitative 
measurement of the diffusivity, also lend themselves to a prediction of 
pore-boundary separation conditions. The treatment focuses on a comparison of 
the relative values of the peak pore velocity vP and the velocity of the pore-ladden 
grain boundary vb(pJ·

15
•
16 Separation occurs when v P < vb(p)· For the growth of 

single-crystal sapphire seeds into a dense polycrystalline alumina matrix with an 
average grain size G, separation is predicted when 

- 3l( vP) G<- 1--
1tr vb 

where/is the center-to-center pore spacing, r is the (equivalent spherical) pore 
radius, and vb is the velocity of a pore-free boundary into the polycrystalline 
matrix.5 The critical grain size for pore-boundary separation in alumina is 
therefore proportional to a product of two terms, one dependent upon geometric 
parameters only, and the other dependent upon a ratio of kinetic terms, 
specifically, the pore velocity/pore-free boundary velocity ratio. The pore spacing 
f and the pore size r can be varied and controlled using the procedures described 
previously. The average grain size G, the velocity of the pore-free interface vb, 

and the peak pore velocity vP are experimentally measurable. Thus, all 
parameters can either be controlled or measured. One can therefore predict 
regions of pore attachment and pore-boundary separation. Since vb and G are 
interdependent, the critical condition is determined by numerical iteration. 

The results of pore-boundary separation/attachment experiments and 
predictions of pore-boundary separation conditions for growth of basal plane 
sapphire seeds into undoped and MgO-doped alumina are presented and 
compared in Figure 4. The experimental data reflect the behavior of entire pore 
arrays. Squares are used to designate attachment, and triangles are used to 
designate separation. The region marked A defines combinations of pore spacing 



Pore-Boundary Separation Maps: 

Basal plane sapphire seeds 

Matrix: undoped alumina Matrix: MgO-doped alumina 
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Figure 4 Pore-boundary separation maps for the growth of basal plane 
sapphire seeds into undoped and MgO-doped alumina at 
1600·c. 

and grain size that are predicted to fall within the attachment regime. Similarly, 
Region C corresponds to the separation region. The uncertainty in~ broadens 
the ideal transition line into a transition region indicated as Region H. 

Two points merit emphasis. First, the experimental results indicate a shift in 
the critical grain size for separation to lower grain size (higher driving force) with 
the addition of MgO. This shift enlarges the attachment region. Second, the 
predictions also show this trend, and agree quite well with the experimental 
observations. In view of the approximations made in the modelling, these results 
are very encouraging. The extension of such experiments to assess the effects of 
other dopants in alumina, and to other dopants in other systems seems warranted. 
In conjunction with other lithography-based experiments, such measurements 
offer the potential to quantify the effects of additives on surface and grain 
boundary transport. With decreasing particle size, the relative rates of these 
transport processes are expected to dictate the relative rates of coarsening and 
densification, and thereby, the path of microstructural evolution. Consequently, a 
series of lithography-based model experiments that allow quantitative assessment 
of dopant additions on surface and grain boundary transport could have great 
utility. 



OTHER RESEARCH APPLICATIONS 

Several other applications of lithography have been explored recently. 
These include study of facetting during sintering,2~re coarsening and pore 
elimination,6 and high temperature crack healing.7 Brief summaries of the 
approach or results or both follow. 

Facetting During Sintering 

Searcy and co-workers have utilized lithography to introduce controlled geo
metry defects into the surface of lithium fluoride single crystals.21 Defects with 
nonequilibrium shapes can be introduced, and the role of surface energy 
anisotropy on morphological evolution can be studied. Measurements at different 
temperatures and in samples containing different impurities may provide informa
tion on the temperature dependence and impurity sensitivity of the Wulff plot. 

Pore Coarsening, Pore Elimination, Cavitation 

Surface structures like those illustrated in Figures la and lb, when trans
ferred to an internal interface provide the basis for measurements of pore 
coarsening and pore elimination.6 The ability to reproduce the geometry exactly 
allows effects of grain boundary misorientation or dopant content or both on 
pore-pore interactions to be assessed. Pressure can be applied and the effect of 
this pressure on pore disappearance rates can be studied. The reverse process, 
pore growth under an applied stress can also be examined, and thus the method 
lends itself to studies of creep cavitation and pore/crack linking under an applied 
tensile stress. Numerous additional applications relevant to fracture and flaw 
detection suggest themselves. 

High-Temperature Crack Healing 

A new method.of studying both the initial and late stages of high tempera
ture crack healing has been developed.7

.22.
23 Lithography is used to produce 

controlled-geometry, controlled-crystallography, cracklike or channel-like defects 
in sapphire. As a result, the effects of crack geometry, crystallography, 
microstructure, and chemistry can be studied more easily that with experimental 
methods used previously. The method has been applied to sapphire, and is being 
used to study crack healing behavior at 1800·c. Pronounced effects of crack face 
crystallography on the healing mode have been demonstrated. Observations of 
cracks introduced at single-crystal/polycrystal interfaces have revealed evidence 
of grain boundary grooving as a potential contributor to healing. The results 
suggest that inadvertently introduced contaminants can increase healing rates by 
several orders of magnitude. Observations of this type may lead to the identifi
cation of impurities whose intentional introduction at surfaces may be useful in 
promoting joining and bonding. Current efforts focus on a more thorough 
characterization of crystallographic and chemical effects on crack healing in 
sapphire, and studies of high temperature crack healing in glass. 

(/ 



FUTURE DIRECTIONS 

Initial applications of lithography focussed on generating lines, channels, 
and discrete circular features of controlled width or aspect ratio. Recent work, as 
evidenced by Figure 3, has focussed on the development of interconnected 
networks. This broadens the range of microstructures that can be simulated 
considerably, and thereby creates several new research opportunities. In addition 
to binder redistribution, the infiltration of pore networks can now be investigated 
with greater control over the pore structure than heretofore possible. Pore closure 
during the transition from intermediate to final stage sintering can also be 
examined by subjecting such interconnected networks to high temperature 
annealing. Studies of pore network evolution in both isotropic materials (glass) 
and anisotropic materials (alumina) are planned. In addition to developing 
structures with increasing geometric complexity, deposition and infiltration 
methods also provide opportunities for the development of more chemically 
complex structures. The method may allow the production of microdesigned 
two-phase (solid-solid) interfacial structures. 

The trend in microelectronics processing is towards a continued reduction in 
the scale of features. This is manifested by the development of submicron 
lithographies. Modern microfabrication laboratories include facilities for 
lithographies that are oriented towards the production of features with a width of 
0.4 Jlm. If even fmer feature sizes are of i'nterest, electron beam lithography is 
available. The National Nanofabrication Facility at Cornell has facilities that 
provide 25 nm resolution.24 Thus, facilities exist that permit the fabrication of 
nanoscale interfacial structures, provided that substrates of sufficiently high 
surface quality can be prepared. 

Very recently, developments have been reported that significantly reduce the 
cost of acquiring a high-resolution lithography capability. Mcintyre et al. report 
that by interfacing a personal computer with an SEM a system allowing the 
fabrication of e-beam lithography resolution features can be created for under 
$90,000.25 The interface system in essence converts images drawn using graphics 
software to an instruction set that controls the movement of the SEM' s electron 
beam. The possibility of fabricating features of 5 nm dimensions is suggested. 
Although this development is of obvious interest to those involved in 
microelectronics research, the development also makes the application of 
lithography to ceramics processing studies more readily accessible. 
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