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SUMMARY

Achievement of the Integrated High Performance Turbine Engine Technology (IHPTET)
Initiative's goals will necessitate development of new materials systems for structural applica-
tions in these advanced propulsion systems. Such materials may need to maintain chemical,
mechanical and structural stability at temperatures above 1650'C (3000°F). One promising
class of candidate materials is ceramic matrix composites (CMCs). Ideally these composites
would combine the superior temperature stability of ceramics with the high fracture tough-
ness of a well-engineered composite structure.

A major problem with the development of CMCs for high temperature use is the lack of a
suitable reinforcement fiber. Currently available fibers all show chemical degradation,
microstructural changes, mechanical degradation, oxidative attack, or severe creep at tem-
perature well below 1650'C in oxidizing environments. It will thus be necessary to develop a
new, creep resistant, oxidatively stable fiber for this application. Such a new fiber would
preferably be an oxide for oxidative stability and thermomechanical compatability with an
oxide matrix. Unfortunately, typical polycrystalline oxides are known to be susceptible to
severe grain growth and creep via diffusional and grain boundary sliding mechanisms at the
temperatures of interest. Single crystai oxides would therefore be necessary.

The purpose of this study was to quantitatively examine the creep behavior of several
interesting single crystal oxide materials. This was done for two main reasons, the first of
which was to assess the viability of the selected materials as composite reinforcements. The
second, and more important reason, was that there is currently a serious lack of high tem-
perature creep data on single crystal oxides. There are therefore very few criteria by which
potentially creep resistant oxides can be identified. It was hoped that the creep data gen-
erated in this study would allow for identification of such criteria, and thereby help to guide
selection of an optimum oxide for fiber development.

The primary materials studied were yttria-stabilized zirconia (YSZ), thoria, yttrium-
aluminum garnet (YAG) and beryiiia. We had also hoped to study scandia; however, prob-
lems with specimen quality prevented this. Limited testing was also performed on alumina
and silicon carbide single crystals in order to check the accuracy of the testing technique, and
to provide data for direct comparisons with that from the primary materials.

Despite their high melting points and low cation diffusivities, creep resistance of the YSZ
and thoria were relatively poor. On the other hand, YAG, which was the lowest melting
point material studied (1950'C), displayed the best creep resistance. Creep rates for YAG
were lower than those for c-axis sapphire at comparable temperatures and stresses. This
makes YAG the most creep resistant oxide known for which quantitative data exist, and a
serious candidate for reinforcement filament development.

Experimental problems with platen deformation and reaction during testing prevented
quantitative measurement of creep behavior of c-axis beryllia. However, when tested in such
an orientation as to allow for basal slip, beryllia was found to creep significantly at tempera-
tures as low as 650°C. This extreme anisotropy in deformation behavior would piobably sev-
erly limit the performance of beryllia in high temperature composite reinforcement
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appikaions.

Creep results on pure, 6H polytype SiC single crystals indicate that this material offers no
advantage over more typical polycrystalline SiC materials. C-axis aligned crystals did display
lower creep rates than any of the oxides; however, off-axis crystals deformed readily via basal
slip at temperatures as low as 800'C. Moreover, creep rates for the c-axis single crystal SiC
were higher than for other forms of polycrystalline SiC reported in the literature.

The creep data generated in this study, supplemented by that available from the literature,
were examined with regard to identifying factors influencing the creep resistance of refractory
oxide single crystals. The factor which gave the best correlation with creep resistance was
size of the glissile dislocation Burgers vector. This suggests that future searches for creep
resistant single crystal oxides should consider materials with complex structures and large lat-
tice parameters.
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1. INTRODUCTION

Major improvements in the performance of gas turbine engines for propulsion applica-
tions will require the utilization of new, higher temperature, lower density structural materi-
als. Ceramic-based materials offer several key advantages for such applications, namely high
refractoriness, low density and freedom from dependence on strategic ingredients. Unfor-
tunately, ceramics also have low fracture toughness, resulting in a strong dependence of
strength on microstructural and surface defects and typically brittle failure. One promising
method of providing for increased fracture toughness is to incorporate the ceramics as
engineered composite structures. In such systems, the reinforcement (most appropriately a
continuous fiber) performs several functions, such as stiffening of the composite and increas-
ing the matrix strain to failure. The most important role of the fiber is to provide crack
bridging and increased work of fracture via matrix-fiber debonding and fiber pullout. It is
therefore clear that composite performance is directly dependent on the integrity of the rein-
forcing fiber.

The IHPTET initiative has sought to identify and ultimately develop structural composites
for use in the temperature range 1650 to 2200°C (3000' to 4000'F) under oxidizing condi-
tions. Unfortunately, there are no currently acceptable reinforcement fibers for use under
these conditions. Current ceramic fibers all show severe strength degradation and excessive
creep at temperatures well below 1650'C. Only carbon fiber maintains adequate mechanical
behavior; however, carbon fiber suffers from susceptibility to oxidation and displays a very
low axial thermal expansion, making it very difficult to provide for a thermomechanical match
between the fiber and matrix. It is thus necessary to develop a new, oxidation resistant fiber
for use above 1650°C.

Selection of appropriate materials for fiber development is a difficult task. Clearly, oxida-
tion considerations play an important role, and materials inherently stable with regard to oxi-
dation, such as oxides, are preferred. Also because of oxidation considerations, the matrices
of ultra-high temperature composites will most likely need to be oxides. Providing for a
proper thermal expansion match to an oxide matrix would generally be easier with an oxide
fiber. Luckily, many refractory, phase stable oxides are known; however, the creep behavior
of oxides is justifiably suspect. Polycrystalline oxides are know to readily creep at tempera-
tures below 1650'C via diffusional and grain boundary sliding mechanisms, or by flow of
viscous grain boundary phases. Fortunately these mechanisms do not come into p:ay in single
crystal materials.

Thus oxide single crystals represent a very attractive class of materials for fiber develop-
ment. However, the creep behavior of oxide single crystals via dislocation glide and climb
mechanisms is not well understood. In the literature, creep studies have been done on only a
small number of materials, providing an insufficient data base for a priori identification of
creep resistant oxides. This study was therefore undertaken in order to generate creep data
on several interesting materials and to provide insight into the selection of other creep resis-
tant single crystal oxides.
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1.1. Material Selection

The appropriate selection criteria foi high-temperature structural materials have been
discussed previously by Hiiig(1), and so will not be discussed in detail here. Many of the pro-
perties of ceramic materials are found to degrade as a function of homologoais temperature
(temperature divided by melting point). Thus to maintain these properties at high tempera-
tures, a material with as high a melting point as possible would b2 resired. A list of high
melting point oxides is given in Table 1. It is interesting 'o note L-,a these oxides fall into a
relatively small umber of structural types. It would therefore b-- desirable to obtain creep
data on a candidate material from each structure type in order to identify the most promising
families.

The most refractory oxides are those with the fluorite s.racture; however, few are legiti-
mate reinforcement candidates. The stoichiometrics of '"2 and CeO 2 vary extensively with
temperature and oxygen partial pressuie, with U02 oxidizing completely to U3 0 8 above
600°C in air. The very high density and radioactivity of Th0 2 would make it inappropriate as
a reinforcement; nevertheless, it is still a scientifically interesting material simply because it is
the highest melting oxide known. HfO2 and ZrO 2 undergo two phase transformations
between room temperature and their melting points unless they are stabilized by an alkaline
ear.hn oxide or rare earth oxide additive. For ultra-high temperature applications Y2 0 3 is
generally the stabilizer of choice. Although pure HfO2 has a higher melting point than pure
ZrO2, once stabilized the differences are much less. Also, ZrO2 has a much lower density
and is much less expensive than HfO2 . Previous deformation experiments have been done on
y ria-stabilized zirconia (YSZ) at temperatures lower than those of interest for this study(2-
4). This would., aggest that fully-stabilized zirconia would be very susceptible to creep defor-
mation at temperatures above 1650C. Nevertheless both Th0 2 and YSZ were included if:
this study: thoria because of its very high melting point, and YSZ to provide a basis of com-
parison within a single structure type. It was also desirable to have a readily available, cheap
material, such as YSZ, in the test matrix to allow for validation of the creep measuring
apparatus and identification of any experimental problems prior to testing other, more expen-
sive and rarer materials.

The rocksalt structure oxides are not attractive candidates despite their high melting
points. In addition to reaction problems with atmospheric CO2 and H20 at low tempera-
tures, single crystal MgO and CaO have both been shown to have poor resistance to high
temperature deformation(5,6). Also, since hardness values decrease in the series
MgO > CaO > SrO > BaO(5), deformation resistance of SrO and BaO is not expected to be
better.

Beryllium oxide is the only wurtzite structure oxide of interest for structural applications.
BeO does have problems with reactivity toward H20 at high temperatures and toxicity; how-
ever, these problems can be minimized by having the BeO encapsulated in a dense composite
matrix. Beryllia does undergo a hexagonal to tetragonal phase transformation at 2050'C(5),
but this is a high enough temperature that it would still be useful over most of the tempera-
ture range of interest. Moreover, beryllia's low density and high thermal conductivity make it
a very attractive reinforcement candidate, and it was therefore included in this study.

-2-



Table 1. Some High Melting Temperature Oxides With Potential to be
Ceramic Matrix Composite Reinforcements

Oxide Melting Point Structure Density
(0C) (g/cc)

Th0 2  3220 Fluorite (cubic) 9.86
HfO2  2845 Fluorite (cubic)* 9.68
U0 2  2840 Fluorite (cubic) 10.96
ZrO2  2765 Fluorite (cubic)* 5.83
CeO2  2610 Fluorite (cubic) 7.13
BeO 2570 Wurtzite (hexagonal) 3.01
MgO 2800 Rocksalt (cubic) 3.58
CaO 2610 Rocksalt (cubic) 3.32
SrO 2455 Rocksalt (cubic) 4.70
BaO 1920 Rocksalt (cubic) 5.72
Sc 2 0 3  2480 C-type R20 3 (cubic) 3.84
Y20 3  2420 C-type R 20 3 (cubic) 5.03
SrZrO3  2806 Perovskite (orthorhombic) 5.48
BaZrO3  2650 Perovskite (cubic) 6.26
LaCrO3  2510 Perovskite (orthorhombic) 6.69
CaZrO 3  2345 Perovskite (monoclinic) 4.76
LaA1O 3  2100 Perovskite (rhombohedral)
Cr203 2270 Corundum (hexagonal) 5.21
A12 0 3  2040 Corundum (hexagonal) 3.96
MgCr2O4  2400 Spinel (cubic) 4.39
MgA120 4  2135 Spinel (cubic) 3.59
Y3 A150 12  1950 Garnet (cubic) 4.55

Requires addition of a stabilizer, generally an alkaline earth oxide or

rare earth oxide.
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There are several rare earth sesquioxide compounds which could be included in Table 1,
but only Y2 0 3 and Sc2 0 3 have been listed. This was done since the rare earth sesquioxides
all have densities considerably higher than yttria without any significant advantage in terms of
melting point or reactivity. Also, the rare earths lighter than H0 have phase transformations
in the temperature range of interest (7) while that for yttria is ave this range (2280,C).
Previous deformation data exist for Y20 3 single crystals which inmiicate they are suscepti'lle
to high temperature deformation (8). Thus scandia was selected for study to represent the c-
type rare earth oxide materials; but, as will be discussed later, proublems with material quality
prevented creep measurements on Sc 20 3.

The perovskite-like oxides appear quite attractive based on melting points, but they suffer
from several problems. First, most are distorted per.;xskite structures with several phase
transformations between room temperature and their melting points. The alkaline earth zir-
conates (and corresponding hafnates) and rare earth chromates suffer from volatility of the
alkaline earth and chromium atoms at high temperatures. Such volatility may not be a prob-
lem in a composite where the fibers are encapsulated in a dense rnatrix, however, in the creep
tests used in this study the sample is completely exposed to the furnace atmosphere and
specimen volatility would not be acceptable. As such, no adequate perovskite candidate
material was identified for testing.

Next on the list are corundum and spinel structure oxides. Among these, chromium oxide
and magnesium-chromate spinel again suffer from potential chromium volatility problems.
However, the aluminum analogues of these materials, sapphire and magnesium-aluminate
spinel, have been long recognized as attractive high-temperature materials. Consequently
their single crystal deformation behavior has already been extensively studied, and it was not
considered necessary to re-examine the creep behavior of these materials in detail. Because
of the commercial availability of single crystal filaments, sapphire has been particularly well
studied, and c-axis sapphire has become an unofficial standard by which the creep resistance
of oxides is generally compared. Limited testing of c-axis sapphire was therefore included in
this study in order to check the accuracy of the creep data being generated against that
already in the literature.

The final structure group listed in Table 1 is the garnets, represented by yttrium alumi-
num garnet (YAG), Y3Al 50 12 . Although not as high melting as most of the preceding
materials, previous literature data on Gd 3Ga5O1 2 (8) indicate that garnets may be highly
deformation resistant at temperatures very close to their melting points. Structural analysis
conducted by L Matson at WRDC/MLLM has suggested that YAG should be creep resis-
tant due to the large number of atoms per unit cell, large lattice parameter, packing factor
and complexity of the structure. These factors suggest the dislocation structure should form
partials separated by complex stacking faults which hamper their motion. Creep studies of
YAG were not included in the original proposal for this program, but, due to problems with
scandia crystal quality, YAG was studied in place of scandia upon suggestion of the Air
Force.

Although oxides were identified as the primary materials for evaluation in this study,
many other classes of materials are being considered for ceramic composite reinforcement
applications. One of the leading non-oxide candidate materials is SiC, which is attractive
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because of its perceived creep resistance, among other attributes. It would therefore be
advantageous to have creep data on single crystal SiC to provide for comparison with the
oxide creep data. For this reason single crystal SiC was included in this study, though on a
somewhat limited basis.

2. EXPERIMENTAL PROCEDURE

2.1. Material Sources

The materials used in this study were procured from a number of sources and came in a
variety of sizes and degrees of perfection. Figure 1 shows typical samples of each material
(except SiC) as-received.

The ThO 2, Sc 20 3 and BeO crystals were all prepared using flux growth techniques, whichl
make them susceptible to flux contamination or entrapment. The Th0 2 and Sc20 3 crystals
were obtained from Clarendon Laboratory, University of Oxford, United Kingdom. Both
sets were grown from PbO-V20 3 based fluxes(9), yielding small, colored crystals with
significant numbers of internal defects. The beryllia crystals were obtained from Rockwell
International, Autonetics Electronics Systems Division, Anaheim, California. These crystals
were produced some years ago using a K2MoO4-MoO 3 flux(10), and were much larger,
clearer and contained fewer defects than the Th0 2 or Sc20 3.

The YSZ, YAG and sapphire were all prepared from melts, and as such, were available as
large, defect free crystals. The YSZ was obtained from Ceres Corporation, North Billericu,
Massachusetts. According to the supplier, this material is a fully yttria-stabilized zirconia
containing 9.5 mole% yttria. The crystals are grown using a skull-melting technique and are
commonly sold as diamond simulants for jewelry(li,12). The YAG crystal was prepared by
the Czochralski technique at Commercial Crystal Labs, Naples, Florida. The supplied crystal
was taken from a 1 in. diam. boule of laser quality, though undoped, YAG. The A120 3 crys-
tal was obtained in the form of a 1/8 in. diam. rod from Saphikon, Inc., Milford, New
Hampshire. This product is grown using the edge-defined, film-fed growth modification of
the Czochralski process(13).

The SiC single crystal used in this work was an electronic grade, pure 6H polytype, alpha-
SiC crystal prepared by Cree Research, Inc., Durham, North Carolina, using a proprietary
process.

Samples of each material used for creep testing were analyzed for trace impurities using
neutron activation analysis . This technique was utilized due to its high sensitivity for a large
number of elements and its ability to utilize small samples. The Th0 2, due to the prcsence of
fertile isotopes in natural Th, exhibited high background radiation levels following neutron
irradiation, and thus could not be analyzed by this technique. The Th0 2 was instead analyzed

* Performed by Becquerel Labs., Inc., Mississauga, Ontario, Canada
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Fii~ue 1. T'ypical as-received crystals:
"Fop, left to right: YSZ, Be,,-, YAG, A1,0 3
Bottom, left to right: ThO., ScO 3
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using ICP emission spectroscopy; however, due to problems in digesting the sample, only data
on a limited number of impurity metals was obtained. The SiC crystal, being of electronic
grade purity, was not analyzed.

2.2. Specimen Preparation

All received single crystal materials were examined optically for indications of inclusions,
porosity and/or cracking. The crystals were then aligned using standard Laue back-reflection
X-ray diffraction analysis to within 20 of the desired crystallographic axis. Luckily, the Th0 2
and BeO crystals were well faceted such that X-ray alignment of each individual crystal was
not necessary. Creep samples, in the shape of rectangular parallelepipeds of nominally
square cross section, were then diamond abrasive machined from the aligned crystals. Grind-
ing to final shape was done using a 600 mesh diamond abrasive wheel. Most samples were
then polished using progressively finer grades of diamond polishing paste, finishing with 1
micron abrasive. Due to health concerns regarding the inhalation or ingestion of BeO dust,
the sectioning of the BeO specimens was done at Ceradyne, Inc., Costa Mesa, California, and
these specimens were not polished. All other sectioning and polishing was done at GE CRD.

The sizes of the prepared specimens depended on the size dnd shape of the starting crys
tal and the stress levels desired for creep testing. In all cases the aspect ratio of the creep
specimens was 2.5 or larger in order to minimize end effects during deformation(14). Actual
specimen sizes ranged from nominally 6.4 mm x 2.3 mm x 2.3 mm for some of the YSZ speci-
mens to 2.3 mm x 0.9 mm x 0.9 mm for one of the ThO2 samples.

The number of different crystallographic alignments studied varied for each material
depending on crystal structure and size and number of crystals available. Creep specimens of
the cubic materials YSZ and YAG were prepared with compression directions (the long axis
of the samples) parallel to the [100], [110] and [111] crystallographic directions. The [100]
aligned specimens had all {100} type faces, the [110] specimens had (110) end faces and (110)
and (001) side faces, and the [111] specimens had (111) end faces and (110) and (112) side
faces. Due to the small size of, and presence of defects in, the Th0 2 crystals, only [100] and
[110] aligned specimens of Th0 2 were prepared. All of the hexagonal materials, BeO, A120 3
and SiC, had samples prepared with axes parallel to the crystallographic c-axis, [0001]. In
addition, BeO specimens with [1100] and [1101] (46.9' from the c-axis) alignments were
prepared, as were SiC specimens at 450 to the c-axis. The alignments of several YSZ, ' AG
and BeO samples were checked following sample preparation, and all were found to be
within 3 of the desired crystallographic direction.

2.3. Creep Testing

Uniaxial compressive creep measurements were made using a constant load arrangement.
The apparatus onsisted of a refractory metal hot zone, electrically h~ated, controlled atmo-
sphere furnace mounted in a small universal testing machine frame . The testing machine

# Centorr Associates, Inc., Suncook, NH, Model M-60 equipped with the Physical Test Kit.

t Instron Corp., Canton, MA, Model TM-L.
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was used to maintain furnace and loading rod alignment, and to gently lower and raise the
weight pan. The loading rods were made of 2% thoriated tungsten (1 inch diam. and 3/4 inch
diam. for the lower and upper rod, respectively). The upper rod was connected to water a
cooled brass fixture which extended outside the furnace through stainless steel bellows. The
lower rod was fixed to the test machine frame. Proper alignment along with free vertical
motion of the upper loading rod was accomplished using linear ball bearings mounted in the
upper stationary and moving crossheads of the test machine. A photograph of the apparatus
is shown ii Figure 2.

Strain measurements were made using a linear variable differential transformer (lvdt) +
mounted to the upper loading rod in a small chamber above the main furnace chamber. The
core of the lvdt was attached to a 1/8 inch diam. thoriated tungsten rod which rested on the
lower loading rod, thus making the lvdt body-core displacement the same as that of the upper
and lower loading rods. The lvdt signal conditioner+ was run in a constant current mode
which nullified any heating effects of the lvdt body. The lvdt signal was recorded over time
using a PC-based data logging system. Effecis of electrical noise and vibration from the fur-
nace were minimized by simply averaging several readings. Overall resolution of the system
was <1 jm displacement (<.05% strain).

The creep experiments were normally carried out over a temperature range of 165ty to
1850°C, with applied stresses in the range of 12.5 to 400 MPa, depending on the material
being tested. Temperature was measured using a sheathed W-5%Rh/W-26%Rh thermocou-
ple placed within 1cm of the test crystal. Temperature control utilized the same thermocou-
ple and a programmable controller , which maintained temperature within ±20C during
each test. The use of inert or reducing atmospheres during creep testing was necessary to
protect the refractory metals in the furnace hot zone. The atmosphere used in most testing
was high purity He, though testing of the YSZ and Th0 2 was done primarily in Ar-2%H 2.
Repeat tests of the YSZ were done in both atmospheres with no noticeable differences in
creep behavior.

Post-test characterization of the creep specimens was limited to optical and scanning elec-
tron microscopy. These were performed to look for evidence of slip bands or steps on the
crystal surfaces by which the active slip planes might be identified. Due to the limited relief
of the polished crystal surfaces very few features on the crept crystals were even detectable
using SEM. For this reason most post-test characterization was done with reflected light
microscopy using Nomarski interference contrast.

+ Schaevitz Engineering, Pennsauken, NJ, Model 050 MHR lvdt and Model ATA 101 signal conditioner.
+ + Honeywell Industrial Controls Division, Fort Washington, PA, Model UDC 5000.
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Ilitire 2. Photographs of creep measurement furnace:
I eft: external view
Right: internal view



3. RJQSULTS

3.1. Data Fitting Procedure

The temperature and stress dependence of steady state creep of ceramic materials is
often described using the general equation(15)

= (ADGb/kT) (b/d)P (o/G)n  (1)

where i is the creep rate, A, p, and n are constants, D is the appropriate diffusion coefficient
for the controlling mechanism, G is the shear modulus, b is the Burger's vector, d is the grain
size, a is the stress, and kT has its usual meaning. For single crystals the (b/d) term drops
out. An activation volume term was not included in Equation (1) since none of the measured
data displayed a significant dependence of creep activation energy on stress level.

As applied to deformation of single crystals, Equation (1) is generally interpreted as
describing a slip mechanism which is limited by dislocation climb or other non-conservative
dislocation miotion, which is in turn limited by diffusian of one of the crystal components(15).
As such, the main stress of interest is the shear stress on the active slip system, r. This can be
determined from the applied stress, c, using the Schmid factor, S, as

" = S o (2)

Schmid factors calculated for the applied stress directions and proposed slip systems in each
material tested are given in Table 2. However, since the active slip system could not be
determined in many cases, the Schmid factor was not used in most data analysis. Rather the
creep behavior was analyzed independently for each orientation using the applied stresses.

Of the terms in Equation (1), both D and G are temperature dependent. The tempera-
ture dependence of the diffusion coefficient can be writt m as

D = D, e(Q/RT)  (3)

where Do is a constant and Q is the activation energy for diffusion. The shear modulus at
high temperatures is seldom known, but can be approximated(15) using

G = Go-6GT (4)

where G. is the shear modulus at OK, and 6G is the rate of change of G with temperature,
and T is the absolute temperature. Where available, values of G. and 6G were estimated
from literature data. Note that the values for bG were generally determined from data taken
at temperatures much lower than those of interest in this study, and thus are only approxi-
mate. Also, the shear modulus of a crystal will typically be anisotropic, and will thus vary with
direction in the crystal. However, temperature dependencies of crystal elastic constants were
not generally available, so that crystal anisotropy was ignored. The values of G used were
thus taken primarily from data on polycrystalline bodies, or were estimated by the average of
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Table 2. Calculated Shmid Factors for the Materials Tested Based on
Applied Stress Directions and Proposed Slip Systems

Schmid Factor for the
Proposed Applied Stress Direction

Material Structure Slip System [100] [110] [111]

YSZ Fluorite {001} < 110 > 0 0.35 0.47
or {110} < 110> 0.50 0.25 0

Th0 2  {111} < 110> 0.41 0.41 0.27

YAG Garnet {110} < 111 > 0.41 0.41 0.27
{110} < f10> 0.50 0.25 0
{211}<011> 0.29 0.43 0.38
{211} <111> 0.47 0.47 0.31
{100} <011 > 0 0.35 0.47
{100} <010> 0 0.50 0.33

[0001] [1100] [1101]

BeO Wurtzite (0001) < 1120 > 0 0 0.43
{101_ < 1120> 0 0.43 0.23

{1010}[0001] 0 0 0.50

A12 0 3  Corundum (000I) < 1120 > 0 -

{1120) < 1100> 0 -

{I011} <0111> 0.26 -

SiC 6H (Wurtzite) (0001) < 1120> 0 - 0.50*
{1010} < 1120> 0 - 0.22

{1010} < 0001> 0 - 0.43*

*Stress direction in SiC was 450 from the c-axis toward an a-axis.

-11-



the Hashin-Shtrikman upper and lower bounds(16) calculated from single crystal elastic con-
stants. In the case of SiC the temperature dependence of G was calculated from the tem-
perature dependence of the elastic modulus, E, using the equation

EG = E(5)
2(1 +v)

with a value of 0.18 for v, the Poisson's ratio. The values of G. and 6G used in the data
analysis are listed in Table 3. It should be noted !hat the accuracy of the G values used is not
critical, and that variance in the 6G values has only a small influence on the calculated values
for the creep activation energies.

Combining Equations (1), (3) and (4) above, and simplifying, gives the relation

(Go- 6GT a )n e (-Q/RT) (6)
T Go -6GT

where A' is a constant and the other parameters are defined as above. In this equation, all
parameters are known except for A', n and Q. The values of n and Q will be referred to as
the "stress exponent" and "creep activation energy," respectively, throughout the remainder of
this report. Values for A', n and Q were determined using a least squares multiple regres-
sion routine. Typically, independent regression analyses were performed for each stress
direction in each material.

In the following sections much of the creep rate data will be presented graphically as plots
of creep rate versus reciprocal temperature or stress. The points in these graphs represent
the actual measured creep data whereas the lines are calculated from the regression fits of
the creep data to Equation (6). The good agreement found between the measured creep data
and the regression fits indicates qualitatively that Equation (6) adequately describes the creep
behavior observed in this study.

It should be noted that the creep mechanism, and therefore the parameters in Equation
(6), can depend on temperature, stress, strain, dislocation density, microstructure, etc. Using
data from several specimens measured under a variety of conditions to evaluate these param-
eters is not, in general, valid. Ideally these parameters should be measured using differential
stress or differential temperature tests on specimens with identical thermomechanical his-
tories. However, in cases where the rates of recovery and work-hardening are identical, i.e.,
at high temperatures, low strain rates and under steady state conditions, correlations between
different specimens are valid(26).

3.2. Yttria-Stabilized Zirconia

The chemical analysis results for the YSZ specimen are given in Table 4. Note that a
large majority of the elements looked for were below detectability limits, which varied from
element to element. The nominal composition of this material, according to the supplier,
should be 9.5 mole% Y2 0 3 . Based on the measured ratio of yttrium to zirconium plus
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Table 3 Values of Gand bG Used for Estimating High
Temperature Shear Moduli.

G 6G

Material (G~a) (MPa/K) References

YSZ 64.5 18.6 17,18

Th0 2  104.7 13.9 19,20

BeO 165.4 18.5 21

YAG 119.5 7.2 22,23

A1201 170.0 24.3 24

sic 197.0 40.3 25
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Table 4. Results of Trace Impurity Analysis
by Neutron Activation

Elemental Concentration (ppm by wt.)
for the Given Materials

Element YSZ Sc2 0 3  YAG BeO AL, 03

aluminum <500 <0.2% 22.8% <0.1% 49.7%
antimony 1.5 <25 < 1 0.3 <0.03
arsenic < 1.5 < 110 <3.9 <0.2 <0.1
barium <56 <520 < 130 < 130 <35
bromine < 1.3 < 84 < 4.9 < 0.3 < 0.2
cadmium <42 <2.1% <31 <2.4 <0.9
calcium 0.1% <0.2% <0.1% <0.5% <620
cerium < 13 < 1100 <6.7 <3.1 < 1
cesium < 0.9 < 130 < 0.7 < 0.5 <0.1
chlorine <50 <0.1% <500 < 100 <200
chromium 329 <0.9% < 6.4 < 3.9 < 1.1
cobalt <0.4 <22 <0.5 <0.7 <0.2
copper < 14 < 670 <36 <60 < 8.7
dysprosium <2.5 < 0.8 < 0.4
europium <0.1 < 3 < 0.2 < 0.2 < 0.07
gallium <4.1 <280 <9.1 <6.1 <2.1
germanium < 69 < 0.16% < 330 < 180 < 260
gold <0.02 <2.8 <0.03 <0.002 <,0.001
hafnium 0.8% < 230 < 0.6 < 0.3 < 0.4
holmium < 1.9 < 5.1 <0.1 <0.1
indium <0,008 1.9 <0.1 <0.05 <0.1
iodine <10 < 23 < 4.3 < 1.4 < 3.6
iridium <Q.05 <8.2 0.69 <0.009 0.4
iron 0.1% <24% <31 <32 <7.6
lanthanum <0.1 <71 <0.2 0.1 <0._02
lutetium <0.5 <32 <0.2 <0.1 <0.03
magnesium <220 <1.1% 0.17% <880 <0.4%
manganese < 0.6 19 < 3.7 < 2.5 < 2.7
mercury < 8.2 < 1.3
molybdenum < 18 < 190 < 75 30 < 1
neodymium < 18 < 18 <3.5 < 1.9
nickel < 110 <6900 <110 <67 < 18
niobium < 360 < 120 < 270
potassium <380 <1% <270 <300 < 170
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Table 4 (Concluded)

Elemental Concentration (ppm by wt.)*
for the Given Materials

Element YSZ Sc 2 03 YAG BeO A17 0;
preseodymium < 3.8 <3.7
rubidium < 14 <. 1700 < 15 < 15 <3
samarium < 0.2 < 2 < 0.7 < 0.01 < 0.005
scandium 0.23 66.4% <280 <0.02
selenium < 18 <420 <3.6 <2.8 <0.7
silver <4.1 < 1100 <2.5 <2.8 <0.4
sodium 9.3 < 190 19 33 31
strontium 61 < 1200 <230 < 110 <34
tantalum 54 <34 < 0.4 < 0.6 < 1.4
tellurium <3300 < 8 < 1.5
terbium < 0.4 < 0.3 < 0.2 < 0.06
thorium <2.9 <53 < 0.7 < 0.4 <0.1
thulium < 1.7 0.68
tin < 1300 <2.4% <420 <240 <75
titanium 260 < 1800 < 370 < 500 < 290
tungsten < 1.6 < 290 < 6.3 < 0.3 < 0.2
uranium < 3.6 <48 < 5.4 < 0.3 < 0.2
vanadium < 0.4 1.38% < 8.6 <2.1 <7.8
ytterbium 5.7 < 380 < 1.3 < 0.07 < 0.03
yttrium 11.1% <5.8% 44.7% <8300 <7300
zinc < 14 <2200 < 15 < 19 <3.4
zirconium 58.0% < 190 < 120 <29

Values followed by % are in atomic weight %. Where an element concentration
was below detectability the concentrations are listed as less than the estimated
detectability Fmit.
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hafnium, the analyzed composition is approximately 8.9 mole% Y 2 0 3 ; however, detectability
of yttrium by this analysis technique is somewhat poor so that there may be significant error
in the analyzed yttrium content.

Creep measurements for the YSZ specimens were carried out using applied stresses of
12.5 to 100 MPa for the [110] and [111] alignments, and 25 to 100 MPa for the [1001 align-
ment. Optical micrographs of typical creep specimens, both before and after testing, are
shown in Figure 3. Some coloration of the specimens was observed after testing, which was
independent of whether Ar-2%H 2 or He was used as the atmosphere. The darkening was
minor, and could be easily reversed by short exposure to air at 800°C. Overall, the specimens
eyhibited little barrelling, but rather tended to display shear-like skew deformations. Because
of this, sample cross sectional area remained relatively constant for low levels of strain
(< 6%), and thus the constant load tests approximated constant stress conditions.

In most cases each crystal specimen was utilized for more than one test, i.e., the tempera-
ture and/or stress was changed during the experiment. As long as a slight preload was main-
tained on the crystals during the change of conditions, little or no evidence was found for a
primary creep regime. However, during the initial testing of a specimen, or if contact was not
maintained during changes of test conditions, a short primary regime was sometimes
observed. This suggests that any initial transient deformations observed in this system were
due to "flattening" of the crystal/platen interface. Small (approximately 1 cm2 by 3 mm
thick) plates of [100] aligned YSZ were used as platens, with 12.5 jim Mo foil used to
separate the platens and crystal and prevent bonding. Minor indentation of the platens did
occur, but was generally limited to the primary transient deformation mentioned above.
Creep strains measured during the test were checked by measuring the total strain of the
crystal foli)wing testing. The creep data was discarded if the strains did not match within
10%.

Typical plots of measured creep strain (plotted as negative values since it is compres-
sive) versus time are shown in Figure 4 for each sample orientation. In most cases, a linear
dependence of strain with time was clearly indicated. Creep strains were found to remain
linear with time for strains exceeding 10%, though creep rates were determined only on
specimens with less than 6% total strain. Steady state creep rates were determined by linear
regression fits to the linear parts of the strain versus time curves.

The measured steady state creep rates for [111], [110], and [100] YSZ are listed in Table 5
and shown graphically in Figures 5, 6, and 7, respectively. The first plot in each of these
figures shows the temperature dependence of creep rate, the second plot shows the stress
dependence. In general, the creep rates at a given stress and temperature varied with stress

All stresses given are the applied, compressive stresses based on initial specimen cross section. No
corrections were made for specimen shape changes or bending stresses caused by skew-type deformation.

** All strains given are true axial strains, measured from the reduction in length of the sample under test.
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Figure 3. Typical YSZ creep specimcns:
Bottom: as-polished
Top: after creep testing
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Figure 4. Typical creep strain vs. time behavior for YSZ specimens.



Table S. Steady-State Creep Data for Yttria-Stabilized Zirconia
Single Crystals

Temperature Stress Creep Rate (sec1i) for Given Stress Direction
(OC) (MPa) [111] [1101 [100]

1650 12.5 1.69xl108  3.45x10-9
25 1.49xl1&' 3.82xl108 1.90X10 48
50 8.47xj10 7  6.37xj10 7  1.73X10-7

70 6. i9XIO47
100 3.22xl10 5  1.5 lO 5  1.25xl10 5

100 8.7&x10-6

1750 12.5 4.30x1(Y8  8.94x109

25 3.92x 10-7  1.46xj10 7  1.07X10-7

50 4.67xl106 3.5 1X10-6  9.79X10j- 7

70 4.42x10e
100 1.49x10-4  1.0lX10O4 6.9&x10-'
100 6.05xl105

1850 12.5 1.64X10-7  4.42xl108
25 1.08xl10 4  7.41X10-7  4.60x10-7
50 2.08x10-1 1.34x105' 5.49x10-6
70 2.80xl10 5

100 8.82x10-4  8.O0xlOA4 4.60x10-4
100 3.33xl10A
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Figure 5. Steady state creep rate data for [1111 YSZ.
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Figure 6. Steady state creep rate data for [ 110] YSZ
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Figure 7. Steady state creep rate data for [100] YSZ
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direction as [111]>[110]>[100]. Two separate sets of data were determined for the [100]
aligned crystals at 100 MPa, which confirm the repeatability of the measurements.

The creep data for the [111] and [110] aligned specimens were analyzed together, though
separately from the [100] samples. This was done since both the [111] and [1101 alignments
activate the {001} < 110> slip system, which is the easy slip system for cubic zirconia (2-4,
27), whereas the [100] aligned specimens would not (see Table 2). The [111] and [110] data
could therefore be combined using the proper Schmid factors to obtain the resolved stresses
from the applied stresses. Multiple regression fitting of the creep data to Equation (6)
yielded a stress exponent and activation energy of 4.07± 0.14 and 436 ±46kJ/mole, respec-
tively, for creep of the [111] and [110] aligned crystals (the limits represent plus or minus one
estimated standard deviation).

Creep data for the [100] aligned specimens was also analyzed using Equation (6). The
regression analysis gave estimated values of the stress exponent and activation energy of
4.73±0.28 and 530±6lkJ/mole, respectively. The difference in the stress exponents for the
[100] alignment versus the [111] and [110] alignments may be a result of the test matrix used.
As can be seen in Figures 5 through 7, the strain rate versus stress plots tend to show a degree
of upward curvature, particularly at high stresses. This was especially true for the [1001 speci-
mens, where the data plotted in Figure 7 show a distinct non-exponential stress dependence
(the solid lines are the result of the regression fit to Equation (6), the dashed lines show a
second order exponential fit which more closely represents the data). Since measurements
were not done at 12.5 MPa for the [100] alignment, and since two sets of data were taken at
100 MPa, the high stress data points carry a greater relative influence for this alignment dur-
ing the regression analysis. Removal of the 100 MPa data from all analyses limits the effects
of the strai rate-stress nonlinearity on the regression fit, yielding estimated stress exponents
of 3.61 for all YSZ creep data and leaving the activation energies relatively unchanged. This
indicates that the stress exponents for all three alignments are the same at low stresses. The
most likely reason for the nonlinearities in the strain rate versus stress data is the activation of
duplex slip or secondary slip systems at the higher stresses.

Post-test examination of the samples using optical and scanning electron microscopies did
not provide any evidence as to the active slip systems. No slip steps or bands were found on
any YSZ crystal faces. Several crept specimens were treated in molten KOH at 500*C to try
to form dislocation etch pits (27). Pitting of various morphologies was observed on several
crystal faces, as shown in Figure 8. Micrographs A-C in Figure 8 indicate that surface dam-
age caused by specimen preparation, including both surface scratches and subsurface damage
revealed by etching, was effectively annealed out by exposure to 165mC. Heated creep speci-
mens should therefore have had few near-surface dislocations prior to testing. After testing,
etch pits of varying morphology were observed on the different crystal faces, as shown in
micrographs D-G of Figure 8. This suggests that the etch pits are indeed related to mobile
dislocations generated during deformation. However, the etch pits were found to be essen-
tially randomly distributed, with no noticed correlations of pit distribution with crystallo-
graphic direction. Active slip planes could therefore not be determined directly. Despite the
lack of direct evidence, it is considered likely that the active slip system in the [111] and [110]
aligned specimens is {001} < 110>. This system has been previously observed in both yttria-
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and calcia-stabilized zirconia single crystals (2-4, 27). The active slip system for the L_00]
aligned crystals is even less certain; however, previous studies (2-4) suggest the { 111} < 110>
system.

Identification of the rate controlling mechanism for deformation is not possible without
microstructural evidence. The measured stress exponents, 4.07 for the [111] and [1101 aligned
samples and 4.74 for the [100] aligned samples (or 3.61 for all alignments at low stresses), are
lower than the values of between 8 and 9 previously measured for YSZ (2), though they fall
within the range generally observed for dislocation creep mechanisms (16). The activation
energy for the [111] and [110] alignments, 436kJ/mole, matches quite well the activation
energies for cation diffusion in YSZ (423kJ/mole for yttrium and 391kJ/mole for zirconium
(28)). This would suggest that the mechanism involves dislocation climb limited by cation
diffusion. Previous studies (2,27), which examined deformed stabilized zirconia crystals using
TEM, found significant evidence for dislocation climb. Unfortunately, so many different
dislocation mechanism models have been derived (15, 29) which give similar values of the
stress exponent and activation energies that determination of these quantities alone cannot
identify the mechanism unambiguously.

It is not clear why the activation energy for the [100] aligned specimens, 530kJ/mole,
should be higher than for the other alignments. However, a similar difference in activation
energy with orientation has been previously observed for deformation of YSZ single crystals
(4), though the activation energy values were higher than those determined here. It should
also be noted that in previous studies on polycrystalline stabilized zirconias, where the defor-
mation rates were also assumed to be controlled by cation diffusion, activation energy values
of 535 to 570kJ/mole have been reported (30-32). Again, the reasons for the discrepancies
between the creep and diffusion activation energies are not clear.

Even though the activation parameters differed from those previously measured for YSZ
single crystals, the magnitudes of the creep rates are very consistent. Dominguez-Rodriguez
and Heuer (4) used a constant strain rate technique to measure the deformation behavior of
9.4 mole% YSZ single crystals in air. -ieir fiow btres data at a strain rate of 1.3 x 10-5/sec
is plotted in Figure 9 versus reciprocal temperature for both [111] and [100] stress directions.
The stresses needed to produce this same strain rate at 1650, 1750 and 1850'C can be
estimated from the regression fits to the creep data measured in this study. These estimated
stresses are also plotted in Figure 9. The agreement between the lower temperature constant
strain rate data and the high temperature creep data is quite good.

The slight darkening of the tested samples indicates that reducing atmosphere in the
creep test furnace had an influence on the point defect concentrations in this material, which
may have in turn influenced the measured creep behavior. Available literature data are con-
tradictory on the influence of atmosphere on the creep behavior on stabilized zirconia. Early
work by Seltzer and Talty(30) on 92% to 93% dense, polycrystalline YSZ indicated a
significant influence of atmosphere, with creep rates being higher in air than under reducing
conditions. More recent work by Dimos and Kohlstedt(31) on >99% dense YSZ indicates no
dependence of creep rates on atmosphere for oxygen partial pressures from 2.5 x 10-8 to 1
atm. The fact that the creep rates from this study, which were measured in reducing (Ar-
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2%H 2) and inert (He) atmospheres, agree with those observed by Dominguez-Rodriguez and
Heuer(4), which were measured in air, suggest that atmosphere has no effect, in agreement
with Dimos and Kohlstedt. The creep behavior of YSZ single crystals under oxidizing condi-
tions should therefore be similar to that measured in this study.

3.3. Thoria

The thoria specimens could not be chemically analyzed using neutron activation analysis
due to the activation of fertile isotopes in natural thorium and consequent high background
radiation measurements. An attempt was also made to analyze a crystal using inductively
coupled plasma emission spectroscopy, but again problems were encountered. First, it
proved very difficult to get enough of a crystal into solution for analysis. Flux melting of a
crystal with lithium tetraborate proved unsuccessful. One crystal was finally partially dis-
solved using a refluxed mixture of sulfuric and hydrofluoric acids. The use of HF acid, how-
ever, makes it impossible to quantitatively determine the presence of several elements due to
possible etching of the Pyrex glassware and subsequent sample contamination. The analysis
was further complicated in that thorium has a large number of emission lines which overlap
many standard analysis lines for other elements. This necessitated the checking of multiple
emission lines for a number of elements. As a consequence of these problems, the only ele-
ments of consequence detected were Pb (132 ppm) and V (23 ppm). These impurities are
not surprising since the crystals were grown from a flux of mixed PbO and V 2 05. Other
detected impurities, i.e., Si (10 ppm), Al (11 ppm), Na (69 ppm), and B (74 ppm), were prob-
ably contaminates from the Pyrex glassware.

As received, the Th0 2 crystals had a slight pinkish tint. Optical examination of the crys-
tals indicated that they contained significant numbers of pores, inclusions and striations. As a
consequence, some of the creep specimens contained such defects. Figure 10 shows a
transmission optical micrograph of an undeformed Th0 2 specimen used for platten tests.
This micrograph shows examples of the inclusions and striations (origin unknown) found in
all of the as received crystals. Typical samples used for creep testing contained fewer and less
sv.ere defects than were present in this crystal. Following testing, the specimens all turned a
very dark brown (almost black) color; however, as with the YSZ crystals, this color change
could be reversed by annealing in air at 800'C.

Creep measurements were done using stresses in the range 50 to 100 MPa. Due to the
shortage of good quality specimens, testing was done only on [1001 and [1 101 aligned speci-
mens, and only at three stress levels. Testing was done in Ar-2%H 2 atmosphere throughout.
Plates of [100] YSZ were used as platens, with 12.5 mm thick Mo foil used to separate the
Th0 2 samples from the YSZ platens. Despite the fact that Th0 2 proved to be more creep
resistant than YSZ, little platen indentation was found.

A typical plot of strain versus time for a Th0 2 creep specimen is shown in Figure 11. As
was found for the YSZ, a "primary creep" regime was generally observed only on initial test-
ing of a crystal. Subsequent tests conducted after a change in stress or temperature showed
no primary regime. As such, attainment of steady state creep was easily determined.
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Figure 11. Typical creep strain vs. time behavior of Th0 2 specimens.
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The measured steady state creep rates for [100] and [110] aligned Th0 2 are listed in
Table 6 and shown graphically in Figures 12 and 13, respectively. Again, repeat measure-
ments were made on [100] aligned crystals at 100 MPa to check the repeatability of the meas-
urements. As can be seen, the agreement between these double measurements was very
good. It should be noted that all [110] alignment measurements were made on a single sam-
pie. Very generalized conclusions based on the [110] alignment data are therefore not possi-
ble.

Regression analysis of the creep data from the two alignments was done separately. The
measured creep data were fit to Equation (6) using the values of Go and 6G given in Table 3.
The determined values for the stress exponents and creep activation energies were
10.25+±0.35 and 473+±41 id/mole, respectively, for the [100] crystals, and 6.55±0.16 and
591±21 kJ/mole for the [110] crystal. The reasons for the large differences in stress
exponents and activation energies between these two alignments are unclear. Both exponents
are larger than the range generally associated with dislocation creep mechanisms (i.e. 3 to 6),
but do fall within the range of exponents previously reported for deformation of oxide single
crystals(15).

Also confusing is the fact that the activation energy for the [100] alignment is lower than
that for the [110] alignment, which is opposite of that found for the YSZ data. Both activa-
tion energies are also much higher than those for oxygen self-diffusion in Th0 2
(209kJ/mole(33)). The activation energy for thorium self-diffusion in Th0 2 is somewhat
controversial. Hawkins and Alcock(34) measured an activation energy of 246kJ/mole,
whereas King(35) measured 626kJ/mole. The differences in these values were attributed to
differences in measurement technique and data interpretation. King, using a precise section-
ing technique, noted non-Gaussian tails on his diffusion profiles in Th0 2 single crystals, which
he attributed to fast diffusion paths such as dislocations or sub-grain boundaries. Since King
performed measurements on single crystals, and because he was able to detect and account
for the influence of fast diffusion paths, his value of 626kJ/mole for Th diffusion is considered
to be more accurate. It is therefore possible that the measured creep activation energies,
which fall between the Th diffusion activation energies of King(35) and Hawkins and
Alcock(34), are a result of combined volume and dislocation diffusion paths for Th. Alter-
nately, the high level of Pb impurity may have a significant influence on Th diffusion, or may
be directly controlling creep via some sort of impurity-dislocation association. In any case,
the controlling mechanism for creep of these crystals is certainly not clear.

No previous creep data on single crystal Th0 2 could be found so that direct comparisons
with previous research could not be done. Comparison of the present data with polycrystal-
line creep data, however, is somewhat instructive. Figure 14 shows creep data from the
present study plotted with creep data on polycrystalline Th0 2(36). The polycrystalline Th0 2
was prepared by sintering, and had a density of 97.5% of theoretical and a grain size of - 10
um. The plot shows that creep rates of the single crystals are roughly 1.5 to 2 orders of mag-
nitude lower than for the sintered material at 50 MPa and comparable temperatures. This
difference would decrease with increasing stress due to the high stress exponents of the single
crystals; however, creep rates of the single crystals at 100 MPa are still comparable to the
rates for the sintered Th0 2 at 50 MPa. This data clearly demonstrates the advantage in using
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Table 6. Steady-State Creep Data for Thoria Single Crystals

Creep Rate (sec "1) for
Temperature Stress Given Stress Direction

(*C) (MPa) [110] [100]

1650 50 1.37x10 8  5.32x109

70 1.05x10 7  1.11xiO 7

100 1.45x10 6  8.82x10 -6

100 7.94x10 6

1750 50 1.02x10 7  4.31x10 8

70 5.82x10 7

100 7.58x10"6  3.05x10-5

100 5.93x10-5

1850 50 4.58x10 7  1.36x10 7

70 3.55x10 6

100 4.78x10 5  1.22x10 4

100 1.23xI0 -4
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Figure 12. Steady state creep rate data for [ 1001 Th0 2.-
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single crystal oxides as opposed to polycrystalline bodies for creep resistance.

3.4. Scandia

As noted earlier, the Sc 203 crystals obtained were very small, strongly colored and poorly
faceted. A sample crystal was chemically analyzed using neutron activation analysis, the
results of which are given in Table 4. The major impurity detected was vanadium (1.38%),
which helps explain the strong coloration. The presence of vanadium is not surprising since
the crystals were grown in a flux containing V20 5. Note that the estimated detectability lim-
its for most elements were quite high. This was due to the small size of the scandia sample
crystal.

Two crystals of the original batch obtained were X-ray aligned and polished. A transmit-
ted light micrograph of a partially polished crystal is shown in Figure 15. This shows that, in
addition to the small crystal size, there are a large number of internal pores, inclusions and
striations (trapping of flux in some of the inclusions may help explain the high levels of V
detected in the chemical analysis). As such, the crystals were determined to be unfit for
creep testing.

At this point arrangements were made with Clarendon Laboratory personnel to attempt
preparation of a new batch of Sc 20 3 crystals on a best effort basis. Several crystal growth
experiments were performed, including an attempt at seeded crystal growth. The resulting
crystals are shown in Figure 16. Overall, the second batch of crystals were slightly larger, less
strongly colored and had more well developed facets than those from the first batch. Two
sample crystals from this batch were also aligned and partially polished in order to optically
evaluate their quality. A transmission optical micrograph of one of the new crystals is shown
in Figure 17. The newer crystals appeared to be free of many of the smaller pores and stria-
tions seen in the initial crystals, but still contained significant pores and inclusions. Some
defect-free areas were observed, but they were of insufficient size to allow for creep specimen
preparation. Creep testing of Sc2 0 3 was therefore dropped from the program.

3.5. Yttrium Aluminum Garnet

Neutron activation analysis results for the YAG material are given in Table 4. The only
impurities which were above detectability limits were Mg (1700 ppm), Na (19 ppm) and Ir
(0.7 ppm).

Creep measurements on YAG were all performed in a high purity He atmosphere.
Applied stresses ranged from 100 to 280 MPa for [111] and [1101 aligned specimens, with
some experiments down to 50 MPa on the [1001 specimens. Pieces of (111) aligned YAG
plates, roughly 1 cm 2 by 3 mm thick, were used as platens. Only slight platen indentation was
noted during testing. As before, specimen strains measured during testing were checked by
measuring crystal dimensions after testing. If the measured and dimensional strains did not
agree within 10% the creep data was discarded.

An optical micrograph of typical creep specimens, both before and after testing, is shown
in Figure 18 (note that the YAG crystal was optically defect free; markings on the untested

-36-



200iutm

Figure 15. Transmission optical micrograph of a pattially polished Sc 20 3 crystal from
Batch 1.
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Figure 16. As-received Sc20 3 crystals from Batch 2.
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Figure 17. Transmission optical micrograph of a partially polished Sc2 O3 crystal from
Batch 2.
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Figure 18. Typical YAG creep specimens:
Bottom: as polished
Top: after creep testing
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crystal are primarily polishing scratches or dirt). As with the YSZ and Th0 2, the YAG speci-
mens displayed primarily a skew-type deformation with little change in cross-sectional area
for small strains.

As with the YSZ and ThO materials, each creep specimen was utilized for more than
one test. A primary creep regime was observed during most creep tests, even when a small
load was maintained on the specimen during the change of test conditions. However, the pri-
mary regime was generally most extensive during initial testing of the specimens. The lengths
of the primary regimes varied considerably with test temperature, stress and sample orienta-
tion, ranging from several tenths of a percent strain to being undetectable. Though most ini-
tial deformations were characterized by a decreasing strain rate with time, a few tests showed
increasing strain rates, especially at high temperatures and stress levels. More typical creep
behavior, having a relatively small primary regime, is shown in the strain versus time plots in
Figure 19. Although Figure 19 shows the lowest creep rate for the [111] alignment and
highest for the [100] alignment, the relative magnitudes of the creep rates for the three crystal
directions changed considerably with temperature and stress.

The measured steady state creep rates for all three alignments of YAG are listed in Table
7 and shown graphically in Figures 20 through 22. Rather unusual creep behavior was found
for the [100] and [110] alignments in that the stress exponents and activation energies appear
to increase abruptly with increases in either temperature or stress. At first, the data were so
confusing that several repeat experiments, as well as extra experiments at 1800°C, were con-
ducted to try to better define the creep behavior. The observed behavior indicates a possible
change in creep mechanism in the higher stress and temperature ranges. On the other hand,
the data for the [111] alignment appear quite well behaved, with only the single data point at
1850'C and 280 MPa suggesting the onset of a higher creep rate regime.

Data analysis for the YAG specimens vas complicated due to the apparent change in
creep mechanism mentioned above. The data in the low temperature-low stress regimes
were analyzed separately from that in the high temperature-high stress regimes (hereafter
referred to as "low" and "high" regimes, respectively) for the [100] and [110] alignments. This
was done by first visually separating the data points into their appropriate regimes. Regres-
sion analyses were then run on each data set to determine the activation parameters for that
regime. The data were then compared with the predicted behavior from the regression fits
and individual data points exchanged between the two regimes depending on which prediction
it more closely matched. The regressions were then redone on the newly separated data sets.
The results of this fitting procedure are indicated by the lines in Figures 20 and 21, where the
predictions for the low regimes are shown by the solid lines, and those for the high regime by
the dashed lines. The data for the [111] aligned crystals was analyzed all at once.

The determined values for the stress exponents and activation energies were as follows: n
= 2.69±0.20, Q = 674±40 kJ/mole for the low regime of the [100] alignment; n =
9.53±0.86, Q = 2064±_1797 kJ/mole for the high regime of the [100] alignment; n =
6.18±0.26, Q = 650+56 kJ/mole for the low regime of the [110] alignment; n = 12.46±0.63,
Q = 2390± 161 k./mole for the high regime of the [110] alignment; n = 5.64±0.24, Q =
710±37 kJ/mole for the [1111 alignment. (Please note: Due to the small number of data

-41-



0.0

[1.11] ..."

-0.1

c-0.2

- 0.3 [100] YAG
1 850'C, 1 QOMPa

-0.4 1- 1

0 1 2 3 4 5 6

Time (ks)

Figure 19. Typical creep strain vs. time behavior for YAG specimens.
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Table 7. Steady-State Creep Data for Yttrium
Aluminum Garnet Single Crystals

Temperature Stress Creep Rate (sec 1 ) for Given Stress Direction
(0C) (MPa) [111] [110] [100]

1650 100 1.73x10 9  2.27x10 8

140 1.17x 10-8  1.50x10 8  4.64x 108

200 8.88x10-8  1.43x10-7  1.17x10 7

200 7.26x1008  2.32x1007

280 4.36x 10-7  1.14x10 -6  4.25x10 7

1750 70 5.95x10 8

100 1.52x10 8  1.3lx10-8  2.20x10 7

140 8.32x10 8  8.00xlO8  5.17x10 7

200 3.38x 10-7  9.82x 10-7  9.58x 10-7

200 5.13x10 6

200 9.02x10 7

280 5.62x10"6  1.67x10 4  4.81x10 5

1800 100 3.42x1007

140 1.11x10 6  1.22x10
200 1.42x10-4  4.05x10 5

1850 50 2.17x10 7

70 6.65x10 7

100 8.66x10"8  3.60x10-7  1.61xlO -6

140 6.69x 10-7  6.51x10 -5  1.74x10-5

200 5.76x10-6  3.20x10-3  3.80x 10-4

200 2.25x10"3

280 1.78x10-4
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points in the high creep rate regimes, values for the stress exponents and activation energies
for these regimes should be considered to be rough approximations only. The values are not
intended to represent rigorous determination of the activation parameters of any deformation
process, but are given simply to allow relative comparisons of fhe data from the different
regimes.) The activation energies for the low creep rate regimes, though they do show varia-
tion, all fall within 10% of each other. It would thus appear that this activation energy (aver-
age value 678kJ/mole) is indeed representative of the rate controlling mechanism in the low
creep rate regime. This is over twice the value for the reported activation energy for 0
diffusion in YAG (297 to 325kJ/mole depending on heat treatment (37)). Activation energies
for cation diffusion in YAG could not be found. Whether or not diffusion plays a significant
role in the deformation of YAG is therefore still unanswered.

Another surprising aspect of the creep data is the large variation of stress exponent with
orientation. Stress exponents for [111] YAG and the low regime of the [110] alignment (5.64
and 6.18, respectively) are in reasonable agreement; however, the stress exponent for the
[100] low regime, 2 67, is substantially lower. In fact, the creep rate data from the [111] align-
ment and low creep rate regime of the [110] alignment agree very well, yet both differ sub-
stantially with the [100] low regime data. The primary slip system for YAG has never been
determined unambiguously; nevertheless, the slip systems listed in Table 2 are expected to be
the most likely based on theoretical considerations (38, 39), etch pit analysis (39) and obser-
vations on other garnet materials (40-42). The fact that the low regime stress exponent for
the [100] alignment is so much lower than for the other alignments suggests that different slip
systems may be active for this alignment. This would be consistent with slip occurring on the
{100} planes, since those slip systems would not be activated by a [100] stress. Slip for the
[100] orientation would then presumably occur via slip on a secondary, more difficult system.
Unfortunately this is inconsistent with the fact that creep of the [100] orientation in the low
regime is generally higher than for the other orientations. As such, the creep mechanism and
active slip systems for YAG are still uncertain.

Figures 23 and 24 show several optical micrographs of tested YAG surfaces. The appear-
ances of the surfaces varied from sample to sample. Most tested crystals appeared identical
to as-polished crystals, as shown in Figure 23. A few crystals showed evidence of what
appears to be dendritic deposits and/or a "crazed" surface (Figure 24A), and still others have
an appearance suggesting partial melting or vaporization (Figure 24B). Most of the
dendritic-type features were found on {100} type surfaces on [1001 aligned specimens. The
"melted" appearance occurred only in samples heated to 1800°C or above, yet several other
specimens heated to 1850'C showed no such features. Due to the lack of sufficient relief,
these features were generally not discernable in the SEM; however, the white balls in Figure
24B were identified as tungsten using energy dispersive analysis of X-rays (EDAX). These
are most likely the result of vapor transport from the tungsten mesh heating elements.
EDAX analysis of the rest of the surface, and the surfaces of other samples, detected only Al
and Y. Thus, the cause for these unusual surface features remains unknown.
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3.6. Beryllla

Chemical analysis results for the single crystal BeO are given in Table 4. The only
detected impurities of significant concentration were Na (33 ppm) and Mo (30 ppm). This
indicates that very little flux was incorporated into the crystal lattice.

Creep of BeO was found to be extremely anisotropic. In order to keep creep rates below
103 /sec it was necessary to test the [1101] aligned BeO at temperatures from 900" to 6500C.
The [1100] and <0001> alignments were tested in the range 1650" to 1850'C. Due to the low
temperatures involved, [1101] samples were tested using {100} plates of YSZ as platens with
no platen indentation noted. The [1100] BeO was tested using either YSZ or (0001) sapphire
plates as platens. As will be discussed later, all [1100] aligned samples buckled during testing
so that direct comparisons of crystal strains measured during and post-test could not be done.
However, little platen deformation was noted following creep testing. Severe platen prob-
lems were experienced with the [0001] aligned samples, which will be discussed below. All
creep testing of BeO was done in a high purity He atmosphere.

Due to the high degree of anisotropy found in the behavior of BeO, the creep results for
each alignment will be discussed separately. The creep strain versus time behavior was very
similar to that discussed previously for the YSZ, Th0 2 and YAG specimens. Steady state
creep rates were again determined using linear regression analysis of the linear portions of
the strain versus time plots. The creep rate data are listed in Table 8.

The [1101] data indicate that significant creep rates were observed at very low tempera-
tures, as low as 650'C. Plots of the observed steady state creep rates as functions of tempera-
ture and stress for the [1101] aligned samples are shown in Figure 25. Creep of this orienta-
tion was expected since many hexagonal materials display easily activated basal slip; however,
deformation at such a low temperature (less than 1/3 of the melting point) is unusual in
ceramics. Although distinct slip traces were not evident on the crystal surfaces due to mask-
ing by the grinding marks, the skewed shape of the deformed crystals indicated that basal slip
had occurred.

Another unusual observation was that consistent creep rates could not be determined at
stresses above 70 MPa. Multiple creep experiments were run at 100 MPa and at tempera-
tures from 600 to 700'C. The measured creep rates were comparable to or lower than the
corresponding data at 70 MPa, were not linearly dependent on reciprocal temperature, and
were not reproducible. For these reasons the 100 MPa data was not included in Table 8 or
Figure 25.

It is not clear why the creep rates should become erratic with increased stress. Previous
researchers(43) concluded _that BeO had very similar yield stresses for basal, (0001) < 1120>,
and prismatic, { 100} < 1120>, slip at 1000°C. It is possible that at stresses below 100 MPa
the observed creep behavior is dominated by basal slip, but that at 100 MPa or above the
prismatic system is activated. Cross-slip on these two systems could then lead to a loss of
dislocation mobility and the observed decreases in creep rate. This explanation, however, is
purely speculative.
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Table 8. Steady State Creep Data for Beryllia Single Crystals

Orientation Temperature Stress Creep late
(0C) (MPa) (sec )

[1101] 650 50 1.31x10 7

70 7.29x10 7

700 25 3.15x10"8

50 1.85x10"6

70 4.49x10 "6

750 25 3.81x10"7

50 1.15xlO"5

800 12.5 1.97x10 "7

25 2.11x10 6

30 8.3 1x10 "6

850 12.5 9.19x10 -7

900 12.5 9.70x10-6

[1100] 1650 50 7.20x10 -9

100 1.55x10"7

1750 50 3.35x10"8

70 9.23x10"8

100 3.34x10 "7

140 1.10x106

1850 50 2.35x10 7

70 4.79x10 "7
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Figure 25. Steady state creep rate data for [11011 BeO.
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Regression analysis of the [1101] alignment data gave a stress exponent of 4.66±0.36 and
an activation energy of 376 ± 26 U/mole. This exponent falls well within the range expected
for slip creep mechanisms (3 to 5). Activation energies reported in the literature for self
diffusion in BeO single crystals similar to those used in this study are 268kJ/mole for Be
diffusion (44) and 287kJ/mole for 0 diffusion (45). It thus appears unlikely that creep of this
orientation is diffusion controlled, which is not surprising since the deformation is observed at
temperatures below that where diffusive mechanisms would be expected to dominate
behavior.

Steady state creep rate data for the [1100] BeO alignment are shown in Figure 26. Only
eight data points were obtained for this alignment due to severe buckling problems. The
[1100] alignment places the basal planes on edge. Due to the very easy basal slip discussed
above, this orientation is unstable, much like a deck of cards laid on end. Any slight misalign-
ment or bending force would place a shear stress on the basal planes, causing the samples to
buckle. A set of specimens displaying varying degrees of buckling deformation is shown in
Figure 27.

All [1100] specimens buckled in this way during testing, with most samples buckling dur-
ing initial loading. Once buckling initiated, further deformation proceeded very rapidly.
Deformation following buckling was generally so extensive that the loading rod displacement
exceeded the measurement range of the LVDT, and proceeded until the sample was
ai"doaded or failed. Only three crystals resisted buckling long enough for adequate creep data
to be collected. The creep data in Table 8 and Figure 26 were obtained from these three
crystals. Even these three crystals, however, eventually buckled during testing.

The small amount of creep data obtained was well behaved and self consistent, as shown
by the plots in Figure 26. Multiple regression analysis of this data yielded a stress exponent of
3.38±0.36 and an activation energy of 496±63 Id/mole. While the stress exponent is in the
range expected for slip creep mechanisms, the activation energy is again larger than those
reported for self diffusion in BeO. Indeed, the activation energy is substantially larger than
that measured for the [1101] alignment. Reported activation energies for creep in polycrys-
talline BeO range from 402 to 414kJ/mole when a diffusive mechanism is observed (46,47),
up to 607kJ/mole for dislocation controlled creep (48). There is thus a significant
discrepancy between diffusion data and creep data with regard to activation energies, making
interpretation of the activation energies measured in this study practically impossible.

Creep testing was also performed on [0001], or c-axis, aligned crystals; however, no unam-
biguous creep data were obtained due to deformation of, or reaction of the sample with, the
platens used. The entire supply of eleven samples were tested using platens of BeO, YSZ,
sapphire, YAG, CVD SiC, graphite and various combinations of the above. In no case was a
perfectly acceptable platen material found. The BeO, YSZ and sapphire platens all deformed
much more than the crystal being tested, and the YAG and SiC both reacted with the sam-
ples. Only graphite appeared to be a useful platen material. Thermodynamically, BeO and
carbon should react at the testing temperatures used iii this study forming beryllium carbide
and CO, provided there is no build up of CO to limit the reaction. A BeO specimen was
creep tested at 1750°C for over 16 hours in contact with graphite platens with no signs of
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Figure 26. Steady state creep rate data for [11-001 BeO.
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reaction. This suggests that there was little migration of CO from the sample/platen inter-
face and the reaction was self limiting. The strain measured from sample dimensions follow-
ing the test was, however, only one third of that measured from loading rod displacement
during the test. This indicates that some platen deformation, most probably some
deformation/reaction of the graphite platens with the tungsten loading rods, did occur.

Assuming that the actual crystal deformation occurred at a constant rate over the length
of the test, the estimated creep rate would be 1.7x10- 8/sec at 1750°C and 100 MPa. This is a
very low creep rate, comparable to [1111 or [110] YAG at these same conditions. However,
this represents an upper bound on the creep rate of c-axis BeO; the actual creep rate may be
somewhat lower. As such, the creep behavior of c-axis BeO is yet to be determined.

3.7. Alumina

Limited creep testing of single crystal A1203 (sapphire) was performed primarily as a
check of the test equipment and procedures. Sapphire, due to its availability in fiber form,
has perhaps been studied more than any other single crystal oxide in terms of deformation
behavior. Sapphire is also generally considered a reference material against whch perfor-
nance of other ceramics are often judged, with c-axis sapphire being one of the most creep

resistant oxides known. Since the creep behavior of a material car. vary c-ewhat depending
on test conditions, direct comparisons of the creep behavior of the materials studied here
with sapphire would require that the sapphire be tested under identical conditions.

Only c-axis aligned crystals were tested in this study. Measurements were done in the
range of 16500 to 1850'C and 140 to 400 MPa. During several creep tests the creep rate was
found to accelerate, often following a period of steady state creep. This accelerated creep led
to cracking and failure of most specimens.

Examination after testing indicated that samples exhibiting accelerated creep were
twinned. Micrographs of one of these crystals is shown in Figure 28. Three features are evi-
dent on the micrographs: slip steps in the crystal faces parallel to the basal planes, twinned
regions, and cracks. Examination of the different faces of several twinned crystals iihdicates
that the twin plane is consistent with a (0112} type (using the structural unit cell with c/a =
2.73), which agrees with previous results for sapphire (43). Most twins observed appeared to
eminate from a crystal corner, anq were often associated with cracking. Micrograph B in Fig-
ure 28 shows the nucleation of a crack from intersecting twin bands. The complex micros-
tructures observed make it difficult to interpret the exact cause of the creep rate accelera-
tions. Since sapphire was not one of the major materials of interest in this study this aspect of
its deformation behavior was not studied in detail. One likely scenario is as follows: first, due
to slight crystal or platen misalignments or offsets in the crystal end due to pyramidal slip, the
crystals were subject to some non-axial stress; next, the nonaxial stress caused basal slip, with
the resultant shear deformation contributing further to the off-axis stresses; thirdly, the off-
axis sresses caused stress concentrations on the crystal corners, nucleating twins and/or
cracks; finally, twin growth and intersection caused further cracking. The sudden, discontinu-
ous increases in deformation generally associated with twinning were not detected during the
creep testing. This suggests that the twinning and cracking occurred far into the accelerated
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creep rate regime, and that the onset of accelerated creep was due to the initiation of
significant basal slip. Creep data collected prior to the acceleration in creep rate should
therefore be indicative of normal c-axis crystal creep behavior.

The creep data measured in this study is listed in Table 9 and shown graphically in Figure
29. Overall the data appear to be well behaved and self-consistent. Multiple regression
analysis of the data, using the values for G. and 6G given in Table 3, resulted in a stress
exponent of 4.54±0.20 and an activation energy of 470±27 U/mole. Various values for
activation energies for self diffusion in A1203 have been measured(50). Likewise, reported
stress exponents and activation energies for c-axis sapphire have varied widely in the litera-
ture(15). As such, comparison of the activation parameters measured here with values
selected from the literature is not very instructive. Both the stress exponent and activation
energy for creep fall within the range of previously reported values.

It is perhaps more informative to compare the actual creep rates measured with those
from the literature. A plot of creep rate (or strain rate for constant strain rate experiments)
versus reciprocal temperature for an applied stress (or flow stress) of 200 MPa is shown in
Figure 30. Since few investigators performed measurements at the same stresses used here, it
was necessary to estimate strain rates at 200 MPa from the available data. Only studies
where the stresses used were above and below 200 MPa, which would allow interpolation of
creep rates rather than extrapolations, are included in the graph. Overall the agreement of
the data is rather good, with most data falling within a band less than half an order of magni-
tude wide. Had the basal slip and twinning observed in the tested crystals had a significant
contribution to the measured creep rates, one would expect the current creep rates to be
much higher than in previous studies. The good agreement of the present c-axis sapphie
creep data with previous literature data indicates that the testing procedure was accurate.

3.8. Silicon Carbide

Chemical analysis of the SiC single crystal was not performed due to its already being an
extremely high purity, electronic grade material. Based on vendor data (54 total metallic
impurities are below 10 ppm, with N being the major impurity dopant at 2x1026 /cm 3 (roughly
0.3 ppm by weight). The crystal was transparent with a greenish tint from the N impurity.

Creep of the SiC single crystal was anticipated to be highly anisotropic due to its having
the 6H (hexagonal) polytype structure. We therefore decided to measure only two crystal
orientations; [00011 or c-axis, and 450 from the c-axis. These directions were expected to be
the best and worst directions, respectively, with regard to creep resistance due to the antici-
pated easy slip on the basal plane. All creep testing of SiC was done in a He atmosphere
using platens of CVD SiC. Graphite was also placed in the furnace hot zone as an oxygen
getter to prevent active oxidation of the SiC sample and platens by trace impurity oxygen. An
initial test done with graphite platens caused the sample crystal surfaces to darken, presum-
ably from vapor transport of excess carbon from the platens. Samples tested with SiC platens
exhibited no color change.

It should be noted that only limited testing of either alignment was done due to limitations
in material and time. Nevertheless, the creep data obtained were very interesting. Steady
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Table 9. Steady State Creep Rate Data for
C-Axis Sapphire

Creep
Temperature Stress Rat

(0C0 (MPa) (sec')

1650 140 9.50xj108

200 3.88xj107

280 2.62x 10-6
400 9.06X10-6

1750 140 4.55x10-7

200 1.38x10-6

280 9.50X10-6

1850 140 1.28X10-6

200 8.46xj106
280 3.66x 1(}'
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state creep rate data for the SiC single crystals are given in Table 10, and shown graphically in
Figures 31 and 32.

As is typical of many hexagonal materials, the 450 alignment was found to creep quite
readily via basal slip. Figure 33 shows a micrograph of a specimen surface, clearly showing
slip steps at 450 to the crystal axis, and therefore parallel to the basal plane. What was
surprising was that significant creep rates (> 10"7/sec) could be measured at temperatures as
low as 800'C. To our knowledge, this is the lowest temperature at which macroscopic creep
of SiC in any form has been measured.

The creep behavior of this alignment was so poor that the accuracy of the measurements
were in doubt; however, the easy basal slip of SiC is corroborated by earlier measurements on
similar crystals. Maeda(55) has previously measured fairly low yield stresses for basal slip in
6H SiC at temperatures above 1000°C. Using a constant strain rate test, with an approximate
strain rate of 3x10 4 /sec, Maeda measured a resolved yield shear stress of about 30 MPa at
1200'C. For our specimen orientation (450 from the c-axis toward an a-axis, Schmid factor of
0.5) this would correspond to an applied stress of 60 MPa. Results of the regression analysis
(see below) predict a creep rate of 2x10 5/sec for 60 MPa, 1200"C and this orientation. Thus
the constant strain rate data of Maeda would correspond to an even higher creep rate than
measured here. Also, Niihara (56) has predicted considerable plasticity by basal slip above
800"C based on high temperature hardness measurements on 6H SiC single crystals. The
relatively easy activation of basal slip in 6H SiC single crystals is therefore confirmed.

Multiple regression analysis of the creep data gave a stress exponent of 3.32± 0.41 and an
activation energy of 282_t23 Id/mole. This activation energy is much lower than that for the
self-diffusion of C (715kJ/mole) or Si (697kJ/mole) in alpha-SiC (57,58). On the other hand,
the activation energy for basal slip determined by Maeda (55) was 328__+ 68kJ/mole, in fair
agreement with the value measured here. The stress exponent determined by Maeda was 3.1,
also in good agreement.

Measured creep rates for the c-axis SiC samples were also much higher than expected. In
a previous creep study of CVD SiC (59) no creep strain could be detccted on samples
stressed parallel to the deposition direction for test temperatures up to 1750'C and stresses as
high as 220 MPa. The deposition direction of this highly oriented material corresponded to
the [111] direction of the cubic beta polytype and c-axis of the hexagonal polytypes present.
We therefore expected the creep resistance of the single crystal to be comparable to that of
the CVD SiC. To the contrary, creep rates above 10 /sec were measured at temperatures
and stresses as low as 1650°C and 140 MPa, respectively.

Tested c-axis SiC specimens had distinct slip steps parallel to the basal planes, as shown in
Figure 34. In contrast to the sapphire samples, the c-axis SiC underwent shear by basal slip
very early during creep testing as the shear strains were visually evident during the test. Con-
sequently, the samples were subject to significant off-axis loads during creep testing, and
could therefore deform via the slip systems listed in Table 2 which would not be active for a
pure c-axis stress. This makes the creep data for this alignment somewhat suspect, and may
help explain why the creep rates were so unexpectedly high. On the other hand, the creep
data obtained in this study was measured from tc:ts on four specimens having various levels
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Table 10. Steady State Creep Data for Silicon
Carbide Single Crystal

Orientation Temperature Stress Creep l ate

(0C) (MPa) (sec")

450 800 200 1.95x10 "7

900 100 7.29x10 "7

200 2.50x10 -

1000 50 2.65x10 7

100 2.91x10-6

200 2.80xl 5

1100 50 8.32x10 7

100 1.42x10 "5

1200 50 1.78x10 "5

100 1.36x10 4

<0001> 1650 140 9.15x109

200 6.70x108

1750 140 1.50x10 8

200 9.90x10 8

280 5.25x10 7

400 3.08x106

1850 140 3.63x10 S

200 1.42x10 7
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of initial strain. If the shear from basal slip were affecting the data then its influence should
be dependent on previous crystal strain, and the data would not be likely to be very consistent.
However, the measured creep data is very self-consistent, as shown in Figure 32. This would
suggest that the shear deformation from basal slip had little effect on the c-axis creep
behavior and that the measured creep data are representative of true c-axis creep. In either
case, independent testing of this material should be performed to corroborate or refute the
present data.

Regression analysis of the c-axis creep data gave a stress exponent 4.93±0.16 and an
activation energy of 170±27 kJ/mole. The previous study of CVD SiC (59) measured an
activation energy of 175kJ/mole, in excellent agreement with that measured here. The stress
exponent of the CVD material was temperature dependent, measuring 3.7 at 17500C and 2.3
below 1750°C.

The relatively poor creep resistance of the single crystal measured here is indicated by the
data in Figure 35. This shows the creep data for the c-axis alignment compared to data on
several other forms of SiC measured under similar conditions. It shows that creep rates for
the c-axis single crystal were comparable to or higher than rates for reaction bonded and sin-
tered SiC materials in the temperature range tested, and over an order of magnitude higher
than for CVD SiC. However, the CVD SiC data in Figure 35 is for samples stressed at 450 to
the deposition direction, and should therefore be rightfully compared to the 45' single crystal
data. Just why the single crystal creep behavior should be so much poorer than other forms
of SiC is not entirely clear. SiC does not have 5 independent slip systems, so that plastic
deformations of polycrystalline bodies via slip alone is not possible. Creep of polycrystalline
materials (in cases where viscous grain boundary phases do not dominate deformation) has
therefore generally been found to be diffusion controlled. Creep rates of pure, polycrystalline
SiC are comparatively low due to the low diffusivities of C and Si. Still, the highly oriented
CVD SiC could presumably deform primarily via slip, and yet it is much more creep resistant
than the single crystal material. Apparently the very high purity, exact stoichiometry and per-
fection of the single crystal allows for much easier dislocation motion than in the mixed poly-
type CVD material.

4. DISCUSSION

Test results for the individual materials were discussed in the previous sections. This sec-
tion will deal primarily with comparisons of the different materials and correlations of creep
behavior with other material properties.

A summary graph of the creep rates at 100 MPa for the oxide materials tested in this
study, along with data on MgAl20 4 (63), Y20 3 (64) and MgO (65) taken from the literature,
is shown in Figure 36. The lines shown in the plot are from the regression fits to the meas-
ured creep data, and represent the most creep resistant direction of each material tested
([1001 YSZ, 1110] Th0 2, [111] YAG and c-axis BeO and A12 0 3 ). This graph clearly indicates
the outstanding creep resistance of YAG as compared to other oxides.

The first question to be answered is whether any of the materials have adequate creep
resistance to be used as a reinforcement fiber above 1650'C (3000,F). For high precision,
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tight tolerance machinery such as gas turbine engines, the amount of allowable deformation
during the lifetime of any component is fairly low. If we assume a maximum tolerable strain
of 1% for a 1000 hour lifetime component, then the maximum allowable creep rate would be
2.8x10 9/sec. Accordingly, component designers often consider creep rates below 10"8/sec. to
be negligible. Of the materials tested, only YAG (and possibly c-axis BeO) approaches this
creep rate at the modest stress of 100 MPa.

Of course, if the temperature or stress are reduced, or if more strain is allowed, then
more materials become useful. Maximum use stresses or temperatures for each material can
be estimated for a given level of allowable creep rate using the regression fits of Equation (6).
Determined values of the constants A, n and Q are given in Table 11. Along with the esti-
mates of G from Table 3, these constants and Equation (6) can be used to predict the creep
behavior for a range of stresses and temperatures. For instance, assuming an allowable creep
rate of 10-8/sec, the maximum use temperature for an applied stress of 100 MPa, and the
maximum allowable stress for a use temperature of 1650°C have been calculated and are
listed in Table 12 (calculations were not done for [1101] BeO and 450 SiC due to their rela-
tively poor creep resistance). Note that many of the estimates fall outside the range of the
measurements, and thus should be considered only very approximate. Also, the relative rank-
ing of the materials can vary with conditions due to the different temperature and stress
dependencies of creep rates for the different materials. Nevertheless, these estimated limits
do indicate several general trends. The creep limited use temperatures and stresses are con-
siderably lower for the fluorite structure materials, YSZ and ThO2 , that, for the other oxides.
Here again YAG comes out at least as well, and most times better than c-axis sapphire. In
fact, the stress limits for YAG at 1650'C are about the same as for the c-axis SiC; however,
the temperature limit for SiC is much higher than any of the oxides due to its very low activa-
tion energy for creep.

The second problem to consider is how the generated data can be interpreted and utilized
to identify other creep resistant materials. There are many material characteristics which
have been assumed to influence the relative creep resistance of ceramic materials. The most
widely quoted criteria are refractoriness, diffusivities of constituent ions, material structure,
and dislocation behavior. While being far from an extensive collection of oxide single crystal
creep data, the data presented in Figure 36 can be used to assess the relative usefulness of
these criteria as applied to high-melting point oxides.

The "refractoriness" of a material generally refers to its melting temperature. As the
melting point increases a given use temperature becomes a smaller fraction of the melting
point, and the creep resistance is therefore as:;umed to improve. The fact that Th0 2 , which is
the highest melting oxide known, exhibits such poor creep resistance indicates that this cri-
terion has limited applicability. To demonstrate this, the creep data from Figure 36 have
been replotted in Figure 37, where creep rate is shown as a function of reciprocal homologous
temperature. Were melting point a substantial factor in predicting creep behavior such a
treatment should act to les,;en the differences between the different materials. Clearly, this is
not illustrated by Figure 37.
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Table 11. Values of A, n, and Q Determined from
Regression Fitting of the Creep Data to Equation 6.

Material and A Q
Orientation (K/Pa-sec) n (kJ/mole)

[100] YSZ 5.01x10 13  4.73 530
[110] YSZ 5.60x109  4.07 436
[111] YSZ 1.86x10 10  4.07 436

[100] Th0 2  5.21x10 9  10.25 473
[110] Th0 2  3.04x1021  6.55 591

[100] YAG (low) 1.25x1011  2.69 674
[1001 YAG (high) 4.86x10 65  9.53 2064
[110 YAG (low) 6.77x10"9  6.18 650
[110] YAG (high) 2.71x108 2  12.46 2390

[111] YAG 5.94x10' 9  5.64 710

[ 1-00] BeO 1.33x 109 3.38 496

[1101] BeO 2.11x1022 4.66 376

[0001] A12 0 3  1.90x10 11  4.54 470

[0001] SiC 1.64x10' 4.93 170
450 SiC 2.45xl0 3.32 282
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Table 12. Estimated Temperature and Str~s Limitations
for an Allowable Creep Rate of 10"/sec.

Maximum Temperature Maximum Stress
Material and at 100 MPa at 1650"C
Orientation (0C) (MPa)

[100] YSZ 1350 25
[110] YSZ 1275 17
[111] YSZ 1225 13

[100] Th0 2  1315 53
[110] ThO2  1435 48

[100] YAG 1610 72
[110] YAG 1740 134
[111] YAG 1740 141

[1100] BeO 1555 62

[0001] A12 0 3  1610 87

[0001] SiC 1970 144
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This is not to say that melting point cannot be a useful criteria. The materials included in
Figures 36 and 37 were chosen specifically for their high melting points and thus represent a
small subset of all oxides. Were data available on a wider range of oxides one would expect
some rough correlation of creep resistance with melting point, especially for materials with
the same structure. However, melting point does not appear to be a prime factor influencing
the creep of high-melting oxide single crystals.

The second generally accepted criterion for predicting creep behavior is diffusivities in the
material. Almost all theoretical models for creep include diffusivity as a term in the model
equation. Indeed, the correlation between creep and diffusion activation energies in metals
has been well established (66). However, the relationship is not nearly as clear for ceramic
materials. In this study, only the data for the [111] and [1101 YSZ showed any reasonable
agreement between creep activation energy and diffusion activation energy. Also, diffusion
data often does not exist for many materials of interest. When data is available from more
than one source, it is often widely scattered or contradictory. This limits the usefulness of
diffusivities for predicting creep behavior.

Bulk diffusivities for the materials in Figure 36 are plotted in Figure 38. Diffusion may
play a role in the deformation of these single crystals by controlling the rate of dislocation
climb. Since a flux of all ionic species is required for climb, the diffusivities controlling climb
would be those of the slowest species in each material. As such, only the lowest self-diffusion
coefficients are plotted in Figure 35. Based on this diffusivity data, one would expect the
lowest creep rates for A120 3 and Th0 2, and the highest for Y2 0 3 and YAG. Clearly the
ranking of materials based on diffusivities do not match those based on actual creep behavior.
This would indicate that diffusivities are of limited utility for predicting wdeep behavior of a
variety of oxides.

The nature, number and mobility of dislocations in a material is determined to a large
extent by the structure of the material. Thus the effects of structure and dislocation charac-
teristics on the deformation of single crystals cannot be fully separated. Structure/dislocation
effects will therefore be discussed in tandem.

In this study, structure has been found to have two distinct effects. The first of these has
to do with the anisotropy of the creep behavior. The materials tested are all either cubic or
hexagonal, with the degree of anisotropy being much greater for the hexagonal materials.
Therefore, proper comparisons of the hexagonal materials requires the recognition of orien-
tation effects.

Figure 39 shows a plot of the applied stress necessary to cause a deformation rate of
105/sec for the hexagonal materials studied. The lines in Figure 39 for SiC, BeO and c-axis
AJ20 3 were calculated from the regression fits to the creep data measured in this study. The
data for a-axis and off-axis A120 3 were taken from References 67 through 69. This plot
clearly shows the severe anisotropy of these materials. Using the sapphire data as an exam-
ple, the stress needed to generate the given creep rate is a factor of 40 less for off-axis crystals
as it is for c-axis crystals at the same temperature. Alternately, extrapolation of the off-axis
data indicates that, for the same level of stress, off-axis sapphire temperature limits are 700"
to 800'C lower than for c-axis sapphire. The plot also indicates that BeO has a much larger
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creep anisotropy than either the sapphire or SiC.

This large creep anisotropy of hexagonal materials can be considered as either a blessing
or a curse. On the positive side, the symmetry of the crystals allow one to orient the samples
(or fibers) in such a manner as to eliminate, for a uniaxial stress, deformation by the basal
and prismatic slip systems (i.e., the c-axis orientation). Since pyramidal slip is much harder to
activate than basal or prismatic, c-axis aligned fibers would have very low axial creep rates, as
demonstrated by the c-axis creep data measured here. However, this only holds for true
uniaxial loading. In real composite components, where the component sh.pe, fiber orienta-
tions and stress conditions are seldom simple, it is highly unlikely that the reinforcement
fibers will see such a simple stress state. Any bending, shear or off-axis loading of the fibers
could cause severe deformation of the fibers via basal slip, thereby changing the crystallo-
graphic direction of the fiber axis and possibly creating steps or bends in the fibers. The
consequences of such fiber deformation on the fracture properties of the composites are
likely to be very deleterious. It is thus considered unlikely that highly anisotropic (with respect
to creep) fibers will be suitable for long-term use at high temperatures except under well con-
trolled stress conditions, or with highly engineered multi-dimensional fiber architectures.

Anisotropy of the cubic materials, as would be expected from the crystal symmetry, was
much lower. As indicated in Table 12, differences in allowable stresses at 1650'C are within a
factor of 2 from the worst to best directions. This means that the crystallographic axis of the
fiber can still be chosen for best axial creep resistance without sacrificing significantly in the
off-axis or shear behavior.

Among the cubic materials, the outstanding creep resistance of YAG was somewhat
surprising. At this time, we believe the good creep resistance of YAG is related primarily to
its structure and dislocation size. To understand this it is necessary to consider the mechan-
ism of deformation of these single crystal oxides. Since grain boundary sliding is not possible,
and diffusion distances are too great for macroscopic deformation via diffusion, the deforma-
tion behavior is undoubtedly controlled by dislocation motion. To minimize the creep rates
of the material one would therefore like to minimize the dislocation density, mobility by glide,
and mobility by climb. Dislocation climb is controlled by self-diffusion of the material, which
was discussed above. Diffusivities in many oxides can be significantly influenced by control-
ling the point defect equilibria of the material with doping. Such effects have not been con-
sidered in this study. Moreover, the deformation behavior of most of the materials studied
does not appear to be strongly linked to diffusion as the creep activation energies did not
match those for self-diffusion.

This leaves dislocation density and mobility by glide as the two factors of interest. Dislo-
cation densities are influenced by a large number of material and crystal preparation parame-
ters. To a first approximation, however, one would expect the ease of generating dislocations
to be inversely proportional to the energy required. The line energy of a dislocation is given
by

E = aGb2  (7)
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where E is the line energy, G is the shear modulus, b is the magnitude of the Burger's vector,
and a is a constant on the order of 1. Thus a high shear modulus and large Burger's vector
should help to limit the number of dislocations.

One would also like to minimize the glide mobility of the dislocations. The main barrier
to dislocation glide in a material is the Peierls-Nabarro stress, which represents an intrinsic
stress or energy barrier the moving dislocation must overcome. This stress can be expressed,
again to a first approximation, by the equation

-y= 2G/(1 - v) e('2 ra / b(l' )) (8)

where v is Poisson's ratio and a is the spacing between slipped and unslipped planes (on the
order of an interatomic distance). Thus to maximize the Peierls-Nabarro stress one again
desires a high shear modulus and large Burger's vector.

Values for room temperature shear moduli and Burger's vectors for the cubic materials
shown in Figure 35 are listed in Table 13. Ihe shear modulus for YAG is on the high side for
the oxides listed, but is lower than that for MgO. Since MgO has relatively poor creep resis-
tance, shear modulus effects alone cannot explain the YAG results. However, the trend in
creep resistance closely follows the trend in magnitude of the Burger's vector. The material
with the largest b, YAG, also has the best creep resistance, and the material with the smallest
b, MgO, has the poorest creep resistance.

Clearly the list of materials in Table 13 is far from extensive, and the correlation between
creep resistance and Burger's vector may be somewhat fortuitous. However, this trend has
been noted previously in the literature (70) Since no other clear correlations between creep
behavior and crystal properties were identified, the trend between large b and good creep
resistance could be used as a selection criterion for identifying other potentially creep resis-
tant oxide single crystals. One should therefore look for oxides with complex structures, hav-
ing large unit cells, which will generally require a large Burger's vector.
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Table 13. Shear Moduli and Burger's Vectors
for Several Cubic Oxides

Shear Lattice Magnitude
Modulus Parameter Glissile of b

Material (GPa) (nm) b (nm)

MgO 139 0.420 1/2< 110> 0.297

YSZ 59 0.514 1/2< 110> 0.363

Th0 2  101 0.559 1/2<110> 0.395

MgA12O4  109 0.806 1/2<110> 0.570

Y2 0 3  66 1.061 1/2<110> 0.750

YAG 117 1.201 1/2<111> 1.040
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5. CONCLUSIONS AND RECOMMENDATIONS

Compressive creep testing of several single crystal materials was performed primarily in
the temperature range 1650 to 1850°C. The equivalence of the compressive tests with tensile
creep testing of filaments was demonstrated by comparing data generated on c-axis sapphire
with previous data from the literature. Compressive creep testing is therefore considered a
viable method for evaluating the creep behavior of single crystal filament candidate materials.

Results for single crystal yttria-stabilized zirconia and thoria indicate rather poor creep
resistance of these materials, despite their high melting points and low cation diffusivities. It
is therefore considered unlikely that a creep resistant fiber could be developed from any
oxide with the fluorite structure. Creep activation energies for [110] and [I1111 alignments of
the yttria-stabilized zirconia are consistent with deformation being controlled by cation
diffusion.

Of the materials tested, yttrium aluminum garnet displayed the best creep resistance.
Creep rates for YAG were comparable to or lower than creep rates for c-axis sapphire at the
same stresses and temperatures. To the best of our knowledge, this makes YAG the most
creep resistant oxide known for which quantitative data exist. Also, anisotropy of YAG
deformation behavior, due to its cubic structure, is relatively small. YAG therefore
represents the best oxide candidate to date for development of creep resistant, single crystal
filament reinforcements.

The creep behavior of beryllia is very anisotropic. An alignment allowing basal slip was
found to creep appreciably at temperatures as low as 650'C, whereas [11001 aligned crystals
displayed creep rates intermediate between those of a-axis and c-axis sapphire. Due to platen
deformation and reactivity problems, quantitative creep data could not be obtained for c-axis
BeO; however, based on a single semi-quantitative observation, c-axis BeO is anticipated to
have comparable or superior creep resistance to that of YAG. Thus c-axis BeO is probably a
viable reinforcement candidate. Unfortunately, the extreme anisotropy in creep behavior will
probably greatly limit the usefulness of BeO as a high temperature composite reinforcement.

The creep behavior of high-purity single crystal 6H SiC has also been determined. Again,
creep behavior was very anisotropic with crystals stressed at 450 to the c-axis showing measur-
able creep at temperatures as low as 800°C. Measured creep rates for c-axis crystals were
comparable to those for polycrystalline sintered or reaction bonded SiC materials, and an
order of magnitude higher than a CVD SiC. There thus appears to be no advantage of single
crystal over polycrystalline SiC with regard to creep behavior. However, significant shear of
the c-axis specimens via basal slip was observed during testing, which may have increased the
measured creep rate due to off-axis stresses. As such, the results for c-axis SiC need to be
independently corroborated.

Review of the creep data generated here and from the literature indicates that material
structure appears to be the dominant factor controlling creep behavior of highly refractory
single crystal oxides. A direct relationship between creep resistance and size of the glissile
dislocation Burger's vector is suggested. As such, future investigations into creep resistant,
single crystal oxides should consider materials with complex crystal structures and large unit
cells.
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