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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 matriv. 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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applicaiions.

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
bridzing 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 iritiative 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.




1.1. Material Selection

The appropriate selection criteria for high-temperature structural materials have been
discussed previously by Hillig(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 homologo.is 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 be esired. A list of high
melting point oxides is given in Table 1. It is interesting (0 note thixi these oxides fall into a
relatively small . umber of structural types. 1t would therefore be desirable to obtain creep
data on a candidate material from each structure type in order tc identify the most promising
families.

The most refractory oxides are those with the fluorite siructure; however, few are legiti-
mate reinforcement candidates. The stoichiometries of UU, and CeO- varv extensively with
temperature and oxygen partial pressuie, with U0, oxidizing completely to U3;Og above
600°C in air. The very high density and radioactivity of ThO, would make it inappropriate as
a reinforcement; nevertheless, it is still a scientificaily interesting material simply because it is
the highest melting oxide known. HfO, and ZrO, undergo two phase transformations
between room temperature and their melting points unless they are stabilized by an alkaline
ear.n oxide or rare earth oxide additive. For uitra-high temperature applications Y,0; is
generally the stabilizer of choice. Although pure HfO, has a higher melting point than pure
ZrO;, once stabilized the differences are much less. Also, ZrO, has a much lower density
and is much less expensive than HfO,. Previous deformation experiments have been done on
yitria-stabilized zirconia (YSZ) at temperatures lower than those of interest for this study(2-
4). This would ¢ uggest that fully-stabilized zirconia would be very susceptible to creep defor-
mation at temperatures above 1650°C. Nevertheless both ThO, and YSZ were included ir:
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 nou attractive candidates despite their high melting
points. In addition to reaction problems with atmospheric CO, and H,O at low tempera-
tures, single crystal MgQO 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>Ca0>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 H,O 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 transiormation 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.
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Table 1. Some High Melting Temperature Oxides With Potential to be

Ceramic Matrix Composite Reinforcements

Oxide Melting Point Structure Density
49 (g/cc)
ThO, 3220 Fluorite (cubic) 9.86
HfO, 2845 Fluorite (cubic)* 9.68
UO, 2840 Fluorite (cubic) 10.96
ZrO, 2765 Fluorite (cubic)* 5.83
CeO, 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, O3 2480 C-type R, 03 (cubic) 3.84
Y,03 2420 C-type RyO3 (cubic) 5.03
SrZrO; 2806 Perovskite (orthorhombic) 548
BaZrO; 2650 Perovskite (cubic) 6.26
LaCrO; 2510 Perovskite (orthorhombic) 6.69
CaZrO, 2345 Perovskite (monoclinic) 4.76
LaAlO, 2100 Perovskite (rhombohedral)
Cr,05 2270 Corundum (hexagonal) 5.21
AL, O3 2040 Corundum (hexagonal) 3.96
MgCr,04 2400 Spinel (cubic) 4.39
MgAl, O, 2135 Spinel (cubic) 3.59
Y;Als04, 1950 Garnet (cubic) 455

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




There are several rare earth sesquioxide compounds which could be included in Table 1,
but only Y,0; and Sc, O3 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 H,, have phase transformations
in the temperature range of interest (7) while that for yttria is above this range (2280°C).
Previous deformation data exist for Y,O5 single crystals which indicate they are susceptitile
to high temperature deformation (8). Thus scandia was selected tor study to represent the c-
type rare earth oxide materials; but, as will be discussed later, prublems with material quality
prevented creep measurements on Sc; Oj3.

The perovskite-like oxides appear quite attractive bascd on melting points, but they suffer
from several problems. First, most are distorted per:askite 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 matrix; 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;0y,. Although not as high melting as most of the preceding
materials, previous literature data on Gd3;GasO,, (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 bhas 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,, Sc,03 and BeO crystals were all prepared using flux growth techniques, which
make them susceptible to flux contamination or entrapment. The ThO, and Sc,; O3 crystals
were obtained from Clarendon Laboratory, University of Oxford, United Kingdom. Both
sets were grown from PbO-V,0; 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 KyMoO4-MoOj3 flux(10), and were much larger,
clearer and contained fewer defects than the ThO, or Sc;0;.

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 Billericz,
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(1i,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 Al,O; 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 materjal 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 ThO,, due to the presence of
fertile isotopes in natural Th, exhibited high background radiation levels following neutron
irradiation, and thus could not be analyzed by this technique. The ThO, was instead analyzed

* Performed by Becquerel Labs., Inc., Mississauga, Ontario, Canada
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Ficure 1.

Typical as-received crystals:
Top, left to right: YSZ, BeO, YAG, Al;O;
Bottom, left to right: ThO:, Sc,0;
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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 2° of the desired crystallographic axis. Luckily, the ThO,
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 and 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 ThO, 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 ThO, crystals, only [100] and
[110] aligned specimens of ThO, were prepared. All of the hexagonal materials, BeO, Al,O;
and SiC, had samples prepared with axes parallel to the crystallographic c-axis, [0001]. In
addition, BeO specimens with [1100] and [1101] (469° from the c-axis) alignments were
prepared, as were SiC specimens at 45° to the c-axis. The alignments of several YSZ, YAG
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.




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 in 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 Ivdt 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 Ivdt 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 um displacement ( <.05% strain).

The creep experiments were normally carried out over a temperature range of 1650° 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 T ¥, which maintained temperature within £2°C 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 ThO, was done primarily in Ar-29%H,.
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.




Figure 2. Photographs of creep measurement furnace:
L cft: external view
Right: internal view




3. ReyULTS

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)? (¢/G)" (1)

where ¢ 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, o 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 motion, which is in turn limited by diffusion of one of the crystal components(15).
As such, the main stress of interest is the shear stress on the active slip system, 7. This can be
determined from the applied stress, o, using the Schmid factor, S, as

r=So (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 :n as

D =D, (@RD A3)

where D, 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 = G, -6GT (4)

where G, is the shear modulus at 0K, and éG is the rate of change of G with temperature,
and T is the absolute temperature. Where available, values of G, and éG were estimated
from literature data. Note that the values for 6G 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
ThO, {111} <110> 0.41 0.41 0.27
YAG Garnet {110} <111> 0.41 0.41 0.27
{110} < 110> 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
{1010} <1120> 0 0.43 0.23
{1010}{0001] 0 0 0.50
Al,0, Corundum  (0001)<1120> 0 - .
{1120} <1100> 0 - -
{1011} <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 45° from the c-axis toward an a-axis.




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

__B
G_2(l+u) ®)

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 that the accuracy of the G values used is not
critical, and that variance in the §G 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 [o3
=A’
€ )G 6T

)" e CO/RD (6)

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 crecp 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 tempeiatures, 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% Y,0;. Based on the measured ratio of yttrium to zirconium plus
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Table 3 Values of G_ and 4G Used for Estimating High

Temperature Shear Moduli.

G 5G

Material (Glga) (MPa/K) References
YSZ 64.5 18.6 17,18
ThO, 104.7 13.9 19,20
BeO 165.4 18.5 21
YAG 119.5 7.2 22,23
AL O, 170.0 243 24

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

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

Element YSZ Se, 0,  YAG BeO Al, O,
aluminum <500 <02% 22.8% <01% 49.7%
antimony 1.5 <25 <1 03 <0.03
arsenic <1.5 <110 <39 <0.2 <0.1
barium <56 <520 <130 <130 <35
bromine <13 <84 <49 <03 <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 <39 <11
cobalt <04 <22 <0.5 <0.7 <0.2
copper <14 <670 <36 <60 <8.7
dysprosium <25 <0.8 <04
europium <0.1 <3 <0.2 <0.2 <0.07
gallium <4.1 <280 <9.1 <6.1 <21
germanium <69 <0.16% <330 <180 <260
gold <0.02 <28 <0.03 <0.002 <0.001
hafnium 0.8% <230 <0.6 <03 <04
holmium <19 <5.1 <0.1 <0.1
indium <0.008 1.9 <0.1 <0.05 <0.1
iodine <10 <23 <43 <14 <3.6
iridium <Q.05 <8.2 0.69 <0.009 04
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 <11% 017% <880 <0.4%
manganese <0.6 19 <3.7 <25 <27
mercury <82 <13
molybdenum <18 <190 <75 30 <1
neodymium <18 <18 <35 <19
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, O, YAG BeO Al O,
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 <28 <0.7
silver <4.1 <1100 <25 <28 <04
sodium 9.3 <190 19 33 31
strontium 61 <1200 <230 <110 <34
tantalum 54 <34 <04 <0.6 <14
tellurium <3300 <8 <15
terbium <0.4 <0.3 <02 <0.06
thorium <29 <53 <0.7 <04 <0.1
thulium <17 0.68

tin <1300 <2.4% <420 <240 <75
titanium 260 <1800 <370 <500 <290
tungsten <1.6 <290 <6.3 <03 <0.2
uranium <3.6 <48 <54 <0.3 <0.2
vanadium <0.4 1.38% <8.6 <21 <78
ytterbium 5.7 <380 <13 <0.07 <0.03
yttrium 11.1% <58% 44.71% <8300 <7300
zinc <14 <2200 <15 <19 <34
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 Iimit.
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hafnium, the analyzed composition is approximately 8.9 mole% Y,Oj; 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 [100] 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, 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
exhibited 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 cm* by 3 mm
thick) plates of [100] aligned YSZ were used as platens, with 12.5 um 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 following 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
lirear 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 S
and shown graphically in Figures S, 6, and 7, respecti