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Summary:

Studies of the high-temperature morphological evolution of controlled-geometry surface
cavities and of controlled-geometry internalized pores etched into the (100) and (111)
surfaces of yttria-stabilized zirconia (YSZ) have been conducted. Results show significant
crystallography-dependent variations in the morphologies and evolution rates. The terrace-
ledge structures on (100) and (111) YSZ surfaces differ substantially. Internalized pores
that are largely or partially bounded by {111} surfaces are particularly stabilized with
regard to shape relaxation and axial instability. The results suggest that controlled variation
of thermal barrier coating (TBC) texture and microstructure could result in significant
changes in stability and lifetimes.
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Introduction

During the period from July 1st, 2006 to June 30th, 2007 (and beyond) fundamental model studies of the
evolution of the pore structure in thermal barrier coating (TBC) materials were conducted. TBCs are used
extensively on air-cooled metallic components in the hot sections of engines and power-generation systems
to provide thermal insulation and protect temperature-sensitive components from hot engine gases. TBCs
permit higher operating temperatures and the associated higher thermal efficiencies result in substantial fuel
savings and more efficient power generation.

The thermal conductivity, k, of a TBC is a critical materials parameter. As k decreases, further increases in
operating temperature and thermal efficiency are possible. Voids in a TBC decrease k by an amount that is
sensitive to the volume fraction, geometry and spatial arrangement of the voids; mechanical properties of the
TBCs are also affected by the same factors. Voids can exist as equiaxed or elongated pores, and as cracklike
defects. Time-dependent changes in the size, shape, and spatial distribution of pores and cracks can lead to
significant changes in k, and a loss of insulating capability; concurrently, the strain tolerance of the coating
can also decrease.

The work was motivated by the desire to establish a robust experimental framework for direct, quantitative
assessment of pore and crack morphology evolution in TBCs. Information gained from such experiments
would provide benchmark data for existing state-of-the-art yttria-stabilized zirconia (YSZ) TBCs, and
allow exploration of other material systems that are candidates for future use as TBCs. Fundamental studies
provide the information needed to design TBCs that can operate at even higher temperatures for longer
periods than YSZ TBCs. Although YSZ TBCs have been in use in commercial aircraft for many years, a
fundamental understanding of the factors that control the rate at which porosity undergoes morphological
change and is removed during use is missing. Insights gained from model studies could potentially reveal
processing modifications that would enhance the stability of currently used materials, providing short-term
benefits while new TBC systems are developed.

Prior model studies of pore stability in aluminum oxide (alumina) ceramics have revealed that the
crystallographic orientation of surfaces has a very profound effect on the evolution rate. Geometrically
identical but crystallographically distinct pores can evolve at rates that differ by several orders of magnitude.
To explore and assess such effects in TBC materials, the work focused on the most widely used base material
for TBCs, YSZ. Photolithography and ion-beam etching were applied to optically transparent single-crystal
YSZ substrates of two distinct surface orientations to produce controlled-geometry surface cavities. Solid-
state diffusion bonding conditions were ultimately identified that successfully bonded etched/patterned
YSZ substrates to unetched YSZ substrates to internalize the surface cavities, and simulate void structures
in commercially produced TBCs. Both etched substrates and bonded substrate pairs were annealed at
elevated temperatures, and the evolution of both surface cavities and internal pore structures were tracked
using atomic force microscopy (AFM) for surface features, and a combination of light-optical and scanning-
electron microscopies for internal and re-exposed features, respectively. The fabrication approach allows
precise control over substrate surface crystallography, initial pore geometry, substrate-substrate
misorientation, anneal time, and anneal temperature, allowing systematic examination of the microstructural
and crystallographic variables that affect pore stability and evolution. The results of our UCEI-funded work
establish that the techniques previously used for single-crystal aluminum oxide (sapphire) can be applied to
YSZ, and there are indications that crystallographic texturing is one viable route to producing TBCs with
increased use temperature, or longer lifetimes, or both.
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Background

Ceramic thermal barrier coatings (TBCs) on air-cooled metallic components in the hot sections of engines
and power-generation systems provide thermal insulation and protect these temperature-sensitive
components from hot engine gases [1-5]. The use of TBCs in engines and turbines permits higher operating
temperatures than would be possible without TBCs; the higher thermal efficiency results in substantial
energy savings. Higher operating temperatures can also promote more complete combustion of conventional
and alternative fuels, decrease the emission of oxides of nitrogen (NOx) and particulate matter, and thus
impart additional economic and environmental benefits. In a review of DOE’s Advanced Turbine Systems
Research Program, a National Academy of Science publication [6] estimated that developments stemming
from DOE’s sponsored research would result in domestic energy savings of $390 million for the period
2000–2005, and an additional $9.6 billion during the period 2006–2010, while reducing domestic NOx

emissions by 9793 and 211,000 tons during the 2000–2005 and 2006–2010 intervals, respectively. More
widespread use of higher-efficiency, longer-lifetime TBCs in both the transportation (e.g., aerospace,
automotive) and electric-power-generation sectors would reduce the amount of petroleum, natural gas, and
coal required to meet projected energy demand and have positive environmental impacts as well.

The thermal conductivity, k, of the TBC is a critical parameter [4, 5, 7-14]. If the steady-state heat flux
through a TBC of fixed thickness is held constant, then as k decreases, the temperature drop from the TBC
surface to the metal/TBC interface increases. If a maximum temperature for the metal is fixed by the desired
system lifetime, decreasing k can allow an increase in the operating temperature and thermal efficiency.

The value of k is sensitive to the material selected for the TBC, and its microstructure. A range of ceramic
materials has been explored for TBC use [5, 12-16]. A current mainstay is YSZ; a typical composition is 7
wt% Y2O3, 93 wt% ZrO2. Compositional modifications, e.g., low-level rare-earth-element additions to YSZ,
can reduce k to 40% of the YSZ baseline [14, 16]. Internal voids in the form of pores or cracklike flaws are
also effective in reducing k, and enhancing the insulating capability of the TBC. TBCs produced by air
plasma spray (APS) methods [1, 5, 8, 15, 17], by electron beam physical vapor deposition (EB-PVD) [4, 5,
9-12, 18, 19], and by solution plasma spray (SPS) process [3] all contain micron-sized pores, and
microcracks. Variations in the void volume fraction and pore geometry lead to variations in k. Other
fabrication methods are under development with the goal of rapid and economic application of robust and
stable low-k TBCs, and porosity is an essential microstructural component.

Ideally TBCs should function for long times (e.g., >10,000 hours) at elevated temperatures (up to 1650°C in
the future [14, 16]). Under these projected operating conditions, it is vital to understand time-dependent
changes in the size, shape, and spatial distribution of pores and cracks at elevated temperature [1, 4, 5, 14, 16,
17]. Pores can disappear if the material densifies during high-temperature use, and the TBC literature
describes this as a “sintering effect”. Pores can also coarsen or change shape, and cracklike flaws can heal.
Collectively, these changes can lead to significant time-dependent increases in k, and an associated loss of
insulating capability. Thus, materials with promising as-fabricated properties may undergo serious
degradation with time. Changes in the composition of a material that reduce k may also affect diffusion rates
and reduce the rate at which pores evolve or disappear, or may change the rate-limiting process controlling
pore evolution [20-23]. Alternatively, additives and dopants may enhance transport properties that lead to
pore evolution [24]. The development of TBCs would thus benefit from an experimental method that
allows direct observation and meaningful comparisons of pore stability and characterization of evolution
behavior in candidate TBCs.
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Research Overview

As-fabricated, porous polycrystalline TBCs are not optically transparent. As a result, monitoring pore
evolution requires tedious experimental studies of 2-d cross sections, or indirect methods that provide only
spatially averaged information (e.g., density measurements and measurements of thermal conductivity) [14,
17]. Systematic study of well-defined flaws is not possible. The thrust of our effort was to develop an
experimental method that would allow study of the evolution of, and interaction between artificially
generated pores and flaws of controlled and reproducible geometry in TBCs at elevated temperature.
Successful demonstration of such a method was viewed as key to successfully developing external funding
that would allow more detailed studies of approaches for stabilizing pores and cracklike flaws in low-k, high-
temperature TBCs.

A two-pronged effort was made. Since pore shape changes and pore disappearance both require the
movement of surfaces, experiments were conducted in which shallow controlled-geometry cavities were
introduced into single-crystal YSZ surfaces of different crystallographic character, and their morphological
evolution was followed. The hope was to obtain indications of surface stability, a factor that greatly
influences the energetics and kinetics of surface migration. In parallel, efforts were made to develop bonding
techniques to encapsulate or internalize lithographically generated surface cavities, thereby converting them
into internal pores whose shape and crystallography could be controlled and varied. This proved to be very
challenging, but was ultimately achieved.

The results of these two research thrusts show that very different surface topographies develop when the
crystallographic character of the YSZ surface is changed. There are suggestions that this will lead to
different rates of surface profile relaxation, and these differences should translate into differences in the rates
at which internalized pores bounded by such surfaces migrate. This in turn suggests that differing rates of
pore shape change and pore disappearance can be developed in a material of fixed chemistry by varying the
crystallographic texture of coatings, and thus, the orientation of the surfaces. Studies of the relaxation of
internalized high-aspect-ratio pore channels confirm that changes in the channel axis orientation, which
alters the nature of the bounding surfaces, can have a significant impact on rate at which the pores reach an
equilibrium geometry. Details of this work are summarized in the Research Results section.

Research Results

Preparation of Model Surface and Pore Structures

All samples used in this research were YSZ single crystals, containing 9.5�mol% Y2O3 and acquired from
CrysTec GmbH in Berlin, Germany. The crystals were received as 10 mm ×  10 mm substrates, with both
faces polished, and with faces parallel to one of the following six crystallographic planes: (100), (110), (111),
(211), (311), and 5° off of (100). Sample thickness varied from 0.5 mm to 1.0 mm. Orientations of samples
used were confirmed with Laue backscatter diffraction.

Experiments performed included analysis of morphological changes after annealing at temperatures ranging
from 1000° to 1800°C of the following types of surfaces: polished flat surfaces, lithographed surfaces,
internal crack-like voids, and internal channel-shaped voids. All samples except for the first group of flat
surfaces were ion-beam etched. Lithography was done in a class 100 clean room. Samples were cleaned by
ultrasonication for 15 min each in SC-1 (5:1:1 of H2O:H2O2:NH4OH ) and SC-2 (6:1:1 of



Model Studies of Pore Stability and Evolution in Thermal Barrier Coatings (TBCs) A. M. Glaeser

1  4  1

H2O:H2O2:HCl) and then were baked out in a box furnace at 120°C just prior to lithography. MicropositTM

S1818TM photoresist was then spun onto samples at 5500 rpm on a Headway spinner. The photoresist was
selectively exposed to UV light in a 4× -reduction Canon FPA-141 Fine Pattern Projection Aligner using
chrome-coated glass masks with arrays of digitally created geometric features. After chemically dissolving the
exposed regions of photoresist, these features were etched into the substrate surfaces with neutralized argon
ions in a Veeco Ionmill. After removing the residual photoresist, etch depths were measured with both a
profilometer and an AFM.

For samples that were diffusion bonded, they were again cleaned with SC-1 and SC-2 and then bonded in a
tantalum-element vacuum hot press with alumina furniture. Bonding conditions were varied initially in an
attempt to idealize the process. The final samples made, 111C-BMP and 100C-BMP, were bonded at
1100°C with a load of 18.5 MPa. These conditions led to reliable bonds, however some sample cracking still
occurred. With the exception of sample 100A-BMP, which was annealed in a tungsten-element vacuum
furnace at 1700° and 1800°C, all samples were annealed in the range of 1000° to 1600°C in a molybdenum-
disilicide-element air furnace in a covered alumina crucible. Anneal times ranged from 2 h to 256 h with
ramp rates constant at ±300°C/h.

The first two groups of experiments involved examination of morphological changes of exterior surface
features. The flat surfaces examined were as-polished samples, aligned with one of the six crystallographic
planes mentioned above. The samples created for this portion of the research are listed in the first section of
Table 1, and are referred to as the unetched surface topography (UST) samples. The second group of
experiments, referred to as the surface topography of lithographed square arrays (STL) samples in Table 1,
included samples that had specific features lithographically etched onto their surfaces. Examples of one set of
arrays of pits etched on the surface are included in Figure 1. Two other sizes of features were also used.
These features created a wide range of initial non-equilibrium shaped surfaces whose morphological
evolution during anneals could be tracked and quantified. In two cases, pairs of samples with two different
orientations, (100) and (111), were created and annealed concurrently so that all other variables were kept
the same. This allowed a direct assessment of surface-orientation-based differences in evolution. Between
anneals surface features from all of these samples were examined with a Molecular Imaging PicoSPM II
AFM with a silicon nitride tip in contact mode.

The second two groups of experiments involved the examination of internal voids in bonded pairs of YSZ.
Samples listed in the third section of Table 1, bonded lithographed matched pairs (BMP), were used for
both of these experiments. Controlled-geometry features of both crack-like shapes and channel-like shapes
were lithographically etched onto surfaces of both (100) and (111) faces of YSZ. Examples of the high
aspect ratio channel-like features that are rotated every 15° to sample a variety of crystallographic directions
are shown in Figure 2. Etched surfaces were internalized by diffusion bonding the etched faces to non-etched
faces of like-orientation, simulating internal pores in a continuous single crystal. Feature shapes were
documented via optical microscopy, through the transparent sample, in between each anneal so that
evolution could be monitored and measured. Figure 3a shows an SEM image of etched features on the
sample surface and Figure 3b shows an optical image of internal void features after bonding. Samples 100A-
BMP and 100B-BMP were also cut open after anneals, polished, and imaged via SEM to examine the cross-
section of internal features.
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Table 1.  List of samples created with their respective heat treatments

Unetched Surface Topography (UST)

Sample Name
A-UST

1
A-UST

2A-UST 3A-UST 4A-UST 5A-UST 6A-UST 7A-UST

Orientation/
Heat
Treatment

(100)/
None

(100)/
32h @
1000°C

(100)/
32h @
1100°C

(100)/
32h @
1200°C

(100)/
32h @
1300°C

(100)/
32h @
1400°C

(100)/
32h @
1500°C

(100)/
32h @
1600°C

Sample Name 0B-UST 1B-UST 2B-UST 3B-UST 4B-UST 5B-UST 6B-UST 7B-UST

Orientation/
Heat
Treatment

(5°off
100)/
None

(5°off
100)/
32h @
1000°C

(5°off
100)/
32h @
1100°C

(5°off
100)/
32h @
1200°C

(5°off
100)/
32h @
1300°C

(5°off
100)/
32h @
1400°C

(5°off
100)/
32h @
1500°C

(5°off
100)/
32h @
1600°C

Sample Name 0C-UST 1C-UST 2C-UST 3C-UST 4C-UST 5C-UST 6C-UST 7C-UST

Orientation/
Heat
Treatment

(110)/
None

(110)/
32h @
1000°C

(110)/
32h @
1100°C

(110)/
32h @
1200°C

(110)/
32h @
1300°C

(110)/
32h @
1400°C

(110)/
32h @
1500°C

(110)/
32h @
1600°C

Sample Name 0D-UST 1D-UST 2D-UST 3D-UST 4D-UST 5D-UST 6D-UST 7D-UST

Orientation/
Heat
Treatment

(111)
/None

(111)/
32h @
1000°C

(111)/
32h @
1100°C

(111)/
32h @
1200°C

(111)/
32h @
1300°C

(111)/
32h @
1400°C

(111)/
32h @
1500°C

(111)/
32h @
1600°C

Sample Name 0E-UST 1E-UST 2E-UST 3E-UST 4E-UST 5E-UST 6E-UST 7E-UST

Orientation/
Heat
Treatment

(211)/
None

(211)/
32h @
1000°C

(211)/
32h @
1100°C

(211)/
32h @
1200°C

(211)/
32h @
1300°C

(211)/
32h @
1400°C

(211)/
32h @
1500°C

(211)/
32h @
1600°C

Sample Name 0F-UST 1F-UST 2F-UST 3F-UST 4F-UST 5F-UST 6F-UST 7F-UST

Orientation/
Heat
Treatment

(311)/
None

(311)/
32h @
1000°C

(311)/
32h @
1100°C

(311)/
32h @
1200°C

(311)/
32h @
1300°C

(311)/
32h @
1400°C

(311)/
32h @
1500°C

(311)/
32h @
1600°C
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Surface Topography of Lithographed Square Arrays (STL)

Sample Names
(annealing pair)

100A-STL (100 orientation) and
111A-STL (111 orientation)

Total Anneal Times 0h 2h @ 1000°C 8h @ 1000°C

Sample Names
(annealing pair)

100B-STL (100 orientation) and
111B-STL (111 orientation)

Total Anneal Times 0h 2h @ 1200°C 8h @ 200°C 32h @ 1200°C 128h @ 1200°C

Sample Name 100e-STL (100 orientation)

Total Anneal Times 0h 2h @ 1600°C 8h @ 1600°C 32h @1600°C 128h @ 1600°C

Bonded Lithographed Matched Pairs (BMP)

Sample Name 100A-BMP

Description (100) Matched pair with mixed large geometric shapes lithographed and
internalized, used for initial crack healing experiment, anneal temperature
determination, and cross-sectioning methodology.  This sample was annealed in a
vacuum environment (~10-5 torr)

Heat Treatment 0h 19h @ 1700°C 19h @ 1700°C + 18h @ 1800°C

Sample Name 100B-BMP

Description (100) Matched pair with “starburst” features (long channels and wide cracks)
lithographed and internalized, used for preliminary gauging of channel behavior
relative to heat treatments and for examining cross-section of channels prior to
breakup.

Heat Treatment 0h 128h @ 1400°C 128h @ 1400°C
+ 1h @ 1600°C

128h @ 1400°C
+ 140+h @ 1600°C

Sample Name 100C-BMP

Description (100) Matched pair with “starburst” features lithographed and internalized, always
heat treated with sample 111C-BMP, used for comparison of crack healing and
Rayleigh instability behavior between these two samples, in order to infer
crystallography-based differences in morphological progression.

Heat Treatment 0h 16h @
1600°C

32h @
1600°C

64h @
1600°C

128h @
1600°C

256h @
1600°C

Sample Name 111C-BMP

Description (111) Matched pair with “starburst” features lithographed and internalized, always
heat treated with sample 100C-BMP, used for comparison of crack healing and
Rayleigh instability behavior between these two samples, in order to infer
crystallography-based differences in morphological progression.

Heat Treatment 0h 16h @
1600°C

32h @
1600°C

64h @
1600°C

128h @
1600°C

256h @
1600°C
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(a) (b) (c)

Figure 1. AFM scans of arrays of round features just etched on the YSZ surface. (a) is 80 µm ×  80 µm,
(b) is 35 µm ×  35 µm, and (c) is 10.5 µm ×  10.5 µm. The feature depth is ~250 nm.

(a) (b)

Figure 2. SEM images of etched surface features (a) is an entire “starburst” feature and (b) is a close up
of the center area of the starburst.

(a) (b)

Figure 3. Similar features viewed (a) by SEM on the surface after etching and (b) optically, in reflection
mode, as internalized pores after bonding.
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Model Studies of Surface Topography Evolution

At temperatures sufficiently high to activate diffusion, the topography of initially flat single crystal surfaces
can evolve in one of three distinct ways;  they can develop terrace-ledge type surfaces, they can develop hill-
and-valley type surfaces, or they can remain flat. Either of the first two paths indicates anisotropic surface
energies. Since surface energy anisotropy has been shown to be a stabilizing factor in sapphire, the first set of
experiments, the Unetched Surface Topography series, was done to determine whether the surfaces of YSZ
also exhibited anisotropic surface energy at temperatures from 1000°C to 1600°C. The flat surfaces
examined were on as-polished samples, aligned with one of the six crystallographic planes mentioned
previously.

Samples were annealed at temperatures of 1000°C to 1600°C with 100°C increments in the
annealing temperature. Surfaces of all available initially flat and polished samples became stepped after heat-
treating at all temperatures within this range. Examples of three of the (111) surfaces are given in Figure 4.
Since initial surfaces were within 1° of their nominal orientations, steps created due to slight miscuts were
expected and account for the stepping seen in all samples. The terraces are flat and parallel and the ledges are
significantly shallower than wide. For example, at 1300°C, the steps are ~200 nm wide and ~0.5 nm in
height. This corresponds to a miscut of 0.14°. The existence of steps is thus attributed to faceting due to a
slightly miscut surface rather than the creation of hill-and-valley structures. This indicates that the (111)
surface is stable, but surfaces at a slight angle from it will form (111) terraces with inclined steps at all
temperatures sampled. The (100) surface also was stepped. As the miscut increases, the terrace width
decreases, and the step/ledge density increases. A surface that was initially 5° off of (100) developed a
faceted surface with the larger facet very close to 5° from the original surface, indicating that the (100)
surface is more stable than a surface cut 5° from the (100), as expected.

The second set of surface samples, the Surface Topography of Lithographed Square Arrays (STL) series,
which were first etched with arrays of pits as shown in Figure 1, were also created to determine whether
morphological differences exist after annealing features of the same initial shape on different crystallographic
surfaces. For these features, the average angle of inclination at the side of the etched feature, relative to the
original surface is approximately 3°. As can be clearly seen in Figure 5, there are distinct differences in
behavior between features on the (100) surface and the (111) surface. The most obvious is that the (100)
features have large steps that are more visible than the (111) steps at this scale. Step height averages 11 nm
on the (100) sample, from the linescan shown in Figure 6, relative to an average 0.3 nm height of the
resolvable steps on the (111) sample, which can be seen most clearly as thin lines in the top center of Figure
5b. The second noticeable difference between features on the two samples is that the (100) sample has a
number of pits and bumps, while the (111) sample is very smooth. This is also illustrated in another pair of
AFM images of similar features shown in Figure 7, and is consistent throughout both samples. The third
noticeable difference, illustrated in Figure 8, is that step edges in the (100) sample waver and are not
concentric while the steps in the (111) sample do not intersect.

All three of these differences suggest that mass transport is easier on or near the (100) surface than the (111)
surface. The larger steps indicate more step coalescence has occurred and mass has traveled farther on the
(100) surface than the (111), which is not coalescing or is coalescing at a slower rate.  The pits and bumps on
the (100) sample are evidence of easier nucleation of atomic-height patches or holes on that surface relative
to the (111). These nucleation sites, which are necessary for transport and morphological changes, will be
discussed again in the following section. The intertwining step edges may be part or all of the reason that the



Model Studies of Pore Stability and Evolution in Thermal Barrier Coatings (TBCs) A. M. Glaeser

1  9  1

(100) steps are interacting more rapidly than the (111) steps, and the lack of interacting steps on the (111)
surface means that the path to step coalescence is more difficult.  Taken together, these factors indicate that
the (111) surface is more stable to morphological changes.

(a) (b) (c)

Figure 4. 5 µm ×  5 µm AFM images of (111) samples annealed for 32 h at (a) 1100°C, (b) 1300°C, and
(c) 1600°C

(a) (b)

Figure 5. 10 µm ×  10 µm images of the same (large) feature annealed for 128 h hours in air at 1200°C on
(a) the (100) surface and (b) the (111) surface of YSZ.
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(a) (b)

Figure 6. AFM line scan of the (100) surface shown in Fig. 5a.  (a) shows the topographical image with
the line taken and (b) is the resulting depth profile of the linescan, which is approx. 10 µm long,
and the height varies approx. 200 nm from ridge to valley.

(a) (b)

Figure 7. 10 µm ×  10 µm images of the same feature annealed for 128 h hours in air at 1200°C on (a)
the (100) surface and (b) the (111) surface of YSZ.

(a) (b)

Figure 8. 3 µm ×  3 µm images of the feature annealed for 128 h hours in air at 1200°C on (a) the (100)
surface and (b) the (111) surface of YSZ.
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Model Studies of Pore-Channel Evolution

High-aspect-ratio phases such as rods, fibers, and wires are prone to axial instabilities that disrupt the
continuous phase and convert it into a string of isolated features with some characteristic spacing. This
arises because the rod has a high surface-to-volume ratio, and shape changes can lower the total surface
energy. The process leading to breakup involves a progressive increase in the amplitude of a periodic axial
perturbation in the rod or fiber radius. The earliest assessments of this process, by Plateau [25] and Rayleigh
[26] in the 1800s treated a sinusoidal wave acting on a fluid in which the surface energy is independent of
the surface orientation. The analyses for fluids yield a minimum wavelength,  λmin , that must be exceeded if

amplitude growth is to lower the total surface energy. Plateau was the first to show that  λmin =2πR .
Rayleigh showed that for inviscid liquids the growth rate varied with wavelength λ , and that a specific
wavelength,  λmax , was associated with the most rapid amplitude growth. The periodicity of breakup is thus

expected to reflect the value of  λmax , which in the case of inviscid fluids is 9.02R.

Nearly 100 years later, Nichols and Mullins [27] extended the approach of Rayleigh to idealized solids with
isotropic surface energy. The Nichols and Mullins result also applies to cylindrical pores in solid materials,
and thus would pertain to pores in an idealized solid. For solids, the value of  λmax  hinges on the dominant
transport mechanism, and can vary from 8.89R to 13.02R. In crystalline materials, the surface energy γ  will
generally vary with surface orientation. Cahn [28] was the first to consider the effect of surface energy
anisotropy on the energetics of Rayleigh instabilities, and showed that   λmin

anisotropic  could be increased or
decreased relative to  2πR  depending upon whether γ  increased or decreased as the rod or pore surface was
perturbed. Stolken and Glaeser [29, 30]analyzed the kinetics of surface-diffusion-controlled amplitude

growth and showed that   λmax = 2λmin
anisotropic , and that the time required for breakup scales with  λmax

2 .

It follows that identifying orientations with large values of  λmax  can profoundly increase stability and
lifetimes. This is particularly relevant to pores in TBCs generated by e-beam physical vapor deposition (EB-
PVD), which is used for high-performance applications. Introducing pore channels into (100) and (111)
surfaces, and aligning the axes of the pores along a variety of directions is effective in identifying orientations
that resist breakup. Since displacement of surfaces is also essential to pore disappearance, orientations that
are stabilized to Rayleigh instabilities would also be expected to resist disappearance.

As described earlier, pore channels of controlled size (R ≈  0.54 µm, length ≈  155 µm) and crystallographic
orientation were introduced into the (111) and (100) surfaces of YSZ by lithography, ion beam etching and
diffusion bonding. Figure 9 shows a pore array after bonding but before annealing. Since the letters and
arrows act as fiducial marks and allow each feature to be catalogued, and the optical transparency of YSZ
allows nondestructive evaluation of the evolution of each internal feature, it becomes possible to reconstruct
the temporal evolution. Figure 10 compares the behavior at 1600°C. Recalling that the channel cross-section
is initially wide (3 µm) and shallow (0.3 µm), the differences in the behavior of (100) and (111) samples
shows a clear effect of the dominant bounding plane on shape relaxation kinetics. The microstructures
indicate that the (111) bounding surfaces are more difficult to displace, and this forestalls the development
of a more equiaxed cross section. The higher magnification views show that after 256 h, selected channels in
the (100) sample have broken up into shorter segments or into periodic arrays of pores. The (111) sample
has undergone minimal change in morphology. Similar differences have been seen in sapphire, with the
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slowest-moving planes being those for which dislocations normal to the plane have the largest Burgers
vector. Dislocations can provide ledges that act as preferred sites for material removal or addition. In the
absence of a source of ledges, movement of the surface can require the nucleation of an atomic height (or
depth) patch on the migrating surface. This nucleation event is difficult, and the associated nucleation
energy barrier can be sufficient to lock a surface, and thus the shape into a nonequilibrium configuration.
Since the differences in the energies of stable surfaces tend to be less than a factor of two, it is unlikely that
the driving force for evolution of the (100) and (111) samples larger than a factor of two. Since the evolution
rate is proportional to the driving force for diffusion-controlled processes, it would be difficult to rationalize
the observed behavioral differences as being the result of driving force differences. Instead the results suggest
that for the more stable (111) samples, a nucleation energy barrier [31] may play a role, and the mechanisms
of evolution of the (100) and (111) samples differ.

Figure 9. Optical image of channel starburst pattern internalized in a bonded pair of YSZ single crystals.
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Figure 10. Progression of channel starburst features between anneals at 1600°C in air. The left column (a-
f) is from the (100) sample and the next (g-k) is from the (111) sample. The next pair is the
same regions, at higher magnification. The third column (l-q) is from the (100) sample, and the
right most (r-w) is from the (111) sample.
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Additional studies were performed on a second (100) sample to explore the orientation-dependent
differences in stability. The sample was annealed in air for 128 h at 1400°C (with little obvious change of
pore shape) and then for cumulative anneal times spanning 140 to 180 h at 1600°C. After 180 h, it appeared
that channels oriented along  011  directions had enhanced stability, as seen in Figure 11. This sample was

then cut perpendicular to the plane of the pore channels along a  100  direction. Figure 12 shows the cross
sections of pore channels. Even after correcting for the elongation that occurs when the cut is not
perpendicular to the axis of the channel, differences in the evolution rate and extent are evident. More
detailed analysis of cross-sectional geometries has revealed that the stabilized channels oriented along  011

directions are partially bounded by {111} faces, which Figure 10 shows to have slow relaxation kinetics.

Figure 11. Reflection optical image of channel starburst pattern on the (100) plane after annealing and
just prior to cross-sectioning.
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Figure 12. Cross-sectioned channels.
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