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High temperature creep behaviour of single crystal 
oxides 

SHIQIANG DENG* 
Central Iron and Steel Research Institute, 100081 Beijing, Peoples Republic of China 

The creep resistance of several single crystal oxides is evaluated on the basis of creep data 
from different sources using a Larson-Miller (L-M) method. The possible creep mechanisms 
involved in high temperature creep deformation of single crystal oxides are discussed by 
comparing the collected creep data with theoretical creep models. The high temperature 
creep of single crystal oxides is generally considered as a diffusion-controlled process: 
dislocation climb controlled by the lattice diffusion of the slowest moving species (power 
law) at moderately high stresses, Harpe~Dorn creep at low stresses, and power law 
breakdown at high stresses. The relative comparison of the creep data from different sources 
using the L-M method and the general analysis about the high temperature creep behaviour 
indicate that single crystal oxides with a precise stoichiometric composition, complex crystal 
structure and selected orientation such as [111] oriented YAG (Y3AIsO12), c-axis AIzO3, [110] 
oriented MgAI204 are potential candidates as reinforcements for very high temperature 
structural applications. 

1. Introduction 
Continuous ceramic fibre-reinforced ceramic matrix 
composites (CMC's) are considered to be more prom- 
ising candidates for structural applications than 
monolithic ceramics because of their increased frac- 
ture toughness and reliability. The performance of 
continuous ceramic fibre-reinforced CMC's at high 
temperature strongly depends on the thermo-mechan- 
ical stability of the reinforcing ceramic fibres. In turn, 
the high temperature thermo-mechanical stability of 
the fibres is determined mainly by their resistance to 
oxidation and creep. Non-oxide fibres such as carbon 
fibres and silicon carbide fibres potentially exhibit 
good creep resistance, but they are very sensitive to 
oxidation in a high temperature oxidizing environ- 
ment. From a chemical view point, oxide fibres should 
provide the greatest stability in an oxidizing atmo- 
sphere, unfortunately however the inadequate creep 
resistance of the currently available oxide fibres im- 
pairs their application as reinforcements in CMC's 
intended for very high temperature service [1]. 

Investigations have shown that a few single crystal 
oxides may be capable of providing good high temper- 
ature creep resistance and strength [-2-17], presum- 
ably because they lack the grain boundaries that are 
a source of creep deformation for polycrystalline ma- 
terials. Hence, in the search for candidate reinforce- 
ments intended for very high temperature service the 
creep behaviour of single crystal oxides has attracted 
attention. 

So far, several isolated investigations have been 
undertaken on the creep properties of single crystal 
oxides. In order to make a meaningful comparison of 
the creep data from different sources a Larson-Miller 
(L-M) treatment has been used in our previous paper 
[18], which enabled a direct comparison of the creep 
resistance of different single crystal oxides. In this 
paper a further evaluation is made of the relative creep 
resistance of several single crystal oxides by compiling 
their L M plots together using the same constant, C. 
A discussion regarding their potential high temper- 
ature creep mechanisms is presented by comparing the 
creep data from different sources with possible creep 
mechanisms. 

The main objectives of this work are to make best 
use of the available creep data from different creep 
tests and to find ways of identifying the greater creep 
resistant materials based on considerations of high 
temperature creep mechanisms, compositions and 
crystal structures. 

2. The relative creep resistance of some 
single crystal oxides 

The L - M  treatment as proposed by Larson and Mil- 
ler for obtaining a t ime-temperature relationship for 
rupture and creep stresses [19] provides a simple 
method to evaluate the creep resistance of a material 
with limited creep data. The basis of the L - M  method 
is that the creep process can be considered to be 
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thermally activated and consequently for a given 
applied stress the creep rate is described by an 
Arrhenius-type expression of the form: 

i = Aexp(  - Q / R T )  (1) 

where k is the steady state creep rate, Q is the activa- 
tion. energy for the creep process, T is the absolute 
temperature in Kelvin, R is the gas constant and A is 
a constant. Equation 1 can also be written as 

Q/R = T( lnA - In 8) (2) 

Introducing the concept of a creep life, ts, defined as 
the time taken for the steady state creep rate to yield 
a given arbitrary strain, sx (it can be fixed at a certain 
value): 

ts = ex/g = constant/~ (3) 

Equation 2 can then be written as: 

C =  Q/R = T (C  + logts) (4) 

where L is the so-called L - M  parameter  and C is 
a constant, which can be extracted from a plot of log 
t, versus 1/T  on the basis of a rearrangement of 
Equation 4. Assuming Q to be independent of temper- 
ature, the value of L at a given stress for a given 
material is considered to be constant, which implies 
that there is a fixed relationship between T and t~. 
Moreover  it is generally found that L is inversely 
proport ional  to the logarithm of applied stress (log ~) 
to yield a single straight line. Creep data appropriate  
to other combinations of stress-temperature lifetime 
can then be predicted from the L - M  plot by interpola- 
tion or extrapolation. The derived relationship be- 
tween or, t~ and T is relatively insensitive to the value of 
the constant C as shown in our previous paper  [18], 
and it is often set at a fixed value when considering 
a group of related materials. 

Fig. 1 shows the L - M  plot using the compressive 
creep data from different sources. The creep data were 
obtained by constant load or constant stress compres- 
sion except for the A1203-Y3A15012 (AlzO3-YAG) 
eutectic which was crept by constant strain rate. 
A value of 20 for the constant C was chosen to calcu- 
late the L - M  parameters  because most of the derived 
values for C are around 20 [18] and where more than 
one value of the L - M  parameter  existed for a given 
applied stress an average value was used in the plot. 
The variable, ts, is an inverse measure of the steady 
state creep rate (t~ = ex/~s), ex was chosen as 10 -5 in 
the present work, which is based on the general creep 
strain limitation for materials in high temperature 
application [20-]. 

Fig. 2 is the L - M  plot of some single crystal oxides 
using the data from tensile creep tests. A value of 10 
was used for the constant C based on the derived 
values for these oxides in tensile creep tests [18]. 

Inspection of Figs 1 and 2 shows that c-axis A1203, 
YAG with a [111]  orientation and MgA1204 spinel 
with a 1-1 10] orientation exhibit the best creep resist- 
ance. It  is also seen that the creep resistance of some 
Single crystal oxides is very anisotropic. For  example 
in the case of single crystal A1203, a small deviation of 
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Figure 1 The L-M plot of compressure creep data for; (0) V doped 
[110] Mg2SiO4 [2], (I) [111] MgO-0.9AI203 [3], (+ )  [0001] 
A1203 [4], (IV) 42 ~ to [0001] A1203 [4], ( x ) A1203-YAG eutectic 
[5], ([3) [111] YAG [4], (A) [112] YSZ [6], (O) [110] ThO2 [4], 
([5]) (100) UO2 [7], (N) [1i00] BeO [4] and (A) (110> Y203 [8]. 
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Figure 2 The L-M plot of tensile creep data for; (A) c-axis AlaO3 
fibre [9], (r~) commercial c-axis A1203 [9], (0) A1203 fibre ( < 2 ~ to 
c-axis) [10], (,) AlzO3 fibre (24 ~ to c axis) [11], (i) c axis At2Oa 
filament [12], (�9 Ti 4+ doped c axis AIzOa [13], ( + ) a axis A12Oa 
filament [14], (m) (011) MgO slab [15] and (,) [1113] spinel fibre 
[16]. 

the crystal orientation from the c-axis can cause 
a sharp decrease of creep resistance. 

3. General  feature  about  the  high 
t e m p e r a t u r e  creep of single 
crystal oxides 

The creep of ceramics has been reviewed by Cannon 
and Langdon [21, 22]. The creep mechanisms of cer- 
amics were divided into two groups: lattice mecha- 
nisms and boundary mechanisms. Lattice mechanisms 
are based on the intragranular motion of dislocations. 
Many theoretical mechanisms have been developed 
for the intragranular motion of dislocations and are 



summarized in Table I of reference [21]. For  high 
temperature creep (T > 0.5Tin), a detailed description 
of the principles underlying the relevant mechanisms 
has been given by Weertman [23]. 

For  single crystal oxides, lattice mechanisms should 
be the rate-controlling processes because there are no 
grain boundaries and thus boundary mechanisms can 
be neglected. Nevertheless, subgrain creep may be 
involved. Several mechanisms may be attributed to 
the high temperature creep process. However, the 
most likely mechanisms involved in the creep process 
of single crystal oxides are Harper -Dorn  creep, power 
law breakdown and subgrain creep [21]. 

In the high temperature regime, dislocations can 
climb as well as glide. If a gliding dislocation is held up 
by an obstacle, for example, an obstacle created by 
other dislocations (fluctuating internal stress field or 
localized tangles or barriers formed by mutually 
locked-up dislocations), a little climb may release it, 
allowing it to glide to the next set of obstacles where 
the process is repeated. The obstacles can also dissolve 
away by climb-controlled mutual annihilation of the 
dislocations as described by the Weertman model E23, 
24]. Dislocation climb itself is controlled by diffusion, 
which is thermally activated. Therefore the important 
feature of the mechanisms which are based on this 
climb-plus-glide sequence [23] in the creep process of 
single crystal oxides should be that the rate-control- 
ling process, at an atomic level, is the diffusive motion 
of single ions or vacancies to or from the climbing 
dislocation, rather than the activated glide of the dis- 
location itself. 

At temperature above 0 . 5 T  m the steady state creep 
rate, g, for the creep deformation controlled by dislo- 
cation climb can be described by the Nabarro creep 
equation [25]: 

= o~(~D~fi2/b2)(G/G)3(GY2/kT) (5) 

where ~ is a constant (estimated by Nabarro to have 
the value ~ ..~ 0.01 and by Weertman to be r ~ 0.1) 
[23]. f2 is the atomic volume ( ~ 0.7b3), fi is the con- 
stant (fi ~ 1) that appears in the equation for the 
dislocation density, p = (fia/Gb) 2, DI is the diffusion 
coefficient for lattice self-diffusion, a is the applied 
stress, G is the shear modulus, b is the Burgers vector, 
k is Boltzmann's constant, and T is the absolute tem- 
perature. In the Nabarro creep equation the steady 
state creep rate is determined by the dislocation den- 
sity (p oz a2/G2b 2) and the velocity of dislocation 
climb (v oz ODla/kT). Equation 5 can be simplified to 
(a ~ 0.01 was used); 

0 022 ( /: = ' - - ~  t , G )  (6) 

At sufficiently low stresses, Harper -Dorn  creep [26] 
may occur, which gives the simple relationship: 

A D]Gb ~= 
HD kr-t~ ) ( 7 )  

where AHo is a dimensionless constant. The most 
plausible explanation for this process is that 
Harper -Dorn  creep occurs when climb-controlled 

creep is under conditions such that the dislocation 
density does not change with stress. Thus the creep 
rate, ~, is proportional to the applied stress. It was 
considered that H a r p e ~ D o r n  creep arises from the 
climb of edge dislocations under saturated conditions 
at a very low applied stress [27, 28]. 

At high stresses, a breakdown of power law creep 
may appear. The creep process is transformed from 
diffusion-controlled dislocation climb to glide control- 
led flow (or both) and the creep rate in this process is 
greater than that in the power law process [23]. 

For  single crystals with a high dislocation density, 
subgrain boundaries may form and they will have an 
influence on the creep process. Several subgrain creep 
mechanisms have been proposed and reviewed by 
Weertman [23]. Since the dislocations making up the 
subgrain boundary undergo climb motion, this type of 
creep is also a dislocation climb-controlled process. 

At low values of the applied stress (about 
10 .5 10-4G) a stress exponent of unity has been 
found for CaO, UO2 and MgO single crystals 
[29-33]. Harper -Dorn  creep was considered as the 
dominant deformation mechanism for this stress re- 
gime. When moderately high values of the stresses 
were applied, a transition from Harper -Dorn  creep to 
power law creep with a stress exponent of ~ 3-5 has 
also been found for these single crystal oxides [29-33]. 

The creep data from different sources were plotted 
with normalized creep rate against normalized stress 
and compared with the possible creep mechanism as 
described by Equation 6 in order to identify the pos- 
sible creep mechanisms of some other single crystal 
oxides. Fig. 3 schematically summarizes the creep data 
for single crystal A1203 with various orientations 
shown in the figure. The creep data are from tensile 
creep tests except the data indicated [4, 9-11, 17, 343 . 
The dashed line in Fig. 3 shows the prediction of 
Equation 6 for a dislocation climb mechanism in 
a power law regime with a stress exponent n = 3. The 
values of the material parameters used for the figure 
are shown in Table I. The diffusion coefficient, DI,  w a s  
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Figure 3 Normalized creep rate plotted against normalized stress 
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compression) [4]. 
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T A B L E  1 Material parameter values [35] 

A1203 MgAI204 

Burger's vector, b (m) 
Melting temperature TIn(K) 
Shear modulus at 300 K, Go (MPa) 
Temperature dependence of modulus, TIn~Go dG/dT ~ 
Lattice diffusion coefficient, D1 (O 2 -) (m 2 s - 1) 

4.76 x 10 -1~ 
2320 

1.55 x 10 s 
- 0.35 

0.19exp( - 636000/RT) 

5.71 x 10 10 
2408 

9.92 x 104 
-- 0.22 

8.9 x 10-Sexp( - 439000/RT) 

I T - -  300 (TmdG)q 

taken as the 0 2 -  lattice diffusion coefficient because it 
is the slowest moving species in this system [35]. 

For  A1203 single crystals with orientations close to 
the c-axis, the creep datum points are close to the 
prediction of dislocation climb creep, but for the crys- 
tals with orientations 6-42 ~ from the c-axis, the datum 
points are well above the prediction line. However, the 
stress exponents for all crystals are about ~ 3 4, 
which means that the datum points are all within the 
power law regime and indicates that dislocation climb 
controlled power law creep is the dominant mecha- 
nism for these single crystals under applied stress 
a ~ 2 x 10 -4 -- 3 x 10-3G. 

The plastic deformation of sapphire (~-A1203) has 
been extensively studied in recent decades. It is con- 
sidered that at low temperatures prismatic plane slip 
occurs and at elevated temperatures basal slip is the 
easiest slip system and pyramidal slip the hardest 
to activate [36, 37]. In high temperature creep tests 
when stress is applied parallel to the c-axis of a A1203 
single crystal, basal and prismatic slip in the crystal 
are suppressed. In order to activate pyramidal slip a 
higher stress must be applied and, as a result, c-axis 
sapphire single crystal can exhibit excellent creep 
resistance. The work of Unal et al. [10] on the creep of 
c-axis oriented sapphire fibre proved that over the 
temperature range of 1400 1800 ~ and stress range of 
100-400 MPa  pyramidal slip occurs. The crept sample 
was face~ed and had slip features on the surface. Ana- 
lysis revealed that primary dislocations with 
1 /3(1 i01)  Burgers vectors glided on {1i02} and 
{1123} pyramidal planes and secondary dislocations 
having 1/3(1120) Burgers vectors formed on the ba- 
sal plane as a result of dislocation reactions on the 
pyramidal planes. Activation parameters and micro- 
structural observations indicated that dislocation 
climb controlled the overall deformation process. 

The higher creep rates for some crystals oriented 
with a deviation from the c-axis as shown in Fig. 3 
may be due to possible basal plane slip caused by the 
resolved shear stress. As analysed by Firestone and 
Heuer [343 a small misorientation can make the re- 
solved shear stress on the basal plane high enough to 
activate the basal slip and increase creep rate. Never- 
theless, the creep process is still controlled by disloca- 
tion climb because dislocation cross-slip is very diffi- 
cult in single crystal sapphire, which is determined by 
the nature of its crystal structure and defects. 

Fig. 4 shows the normalized creep rate versus nor- 
malized stress for Y203 stabilized ZrO2 single crystals 
using compressive creep data E4, 6, 38] and the mater- 
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Figure 4 Normalized creep rate versus normalized stress for Y203 
stabilized ZrO2 single crystals. Data are presented for; (11) (112) in 
argon [38], ([Z) (112) in air [38], (Fq) [ i i2 ]  E6], (A) [1 t l ]  [43, (Q) 
[1101 [4] and (�9 [100] [4]. 

ial parameters listed in Table II. From Fig. 4 it can be 
seen that the creep datum points are in a power law 
regime when stresses are less than 10-3G, but when 
the stress exceeds about 10- 3G, the power law appears 
to break down since there is an obvious transition in 
the stress exponent (stress exponent n > 6). 

Fig. 5 is the normalized creep rate versus nor- 
malized stress plot for several MgO.nAl203 single 
crystals on the basis of the creep data of both com- 
pressive and tensile tests I-3, 16, 39-42] and material 
parameters listed in Table I. A power law creep can be 
observed in this plot and higher creep rates appear 
with increasing non-stoichiometry for A1203 rich 
crystals, which indicates that high temperature creep 
of A1203 rich spinels depends strongly on the com- 
position ratio n = AlzO3/MgO. However, MgO rich 
spinels exhibit a creep resistance which is comparable 
with that of stoichiometric spinel and is better than 
that of A1203 rich spinels. 

4. Discussion 
As described above, the high temperature creep of 
single crystal oxides at low stresses (Harpe~Dorn  
creep) and at moderately high stresses (power law 
creep) consists mainly of a dislocation climb process 
controlled by the diffusion of the slowest moving spe- 
cies, and even at high stresses (power law breakdown) 
the creep deformation may also be greatly affected by 
the diffusion process of the slowest moving species. 



TABLE II Material parameters for ZrOz [21]" 

Lattice diffusion coeffient, Shear modulus, AG Burgers vector, b 
Dl(Zr4+), (m 2 s 1 ) b  G O (MPa) (MPaK-1) (m) 

3.5 x 10-6exp( - 387000/RT) 1.54 x 10 .5 35.2 2.57 x 10 -l~ 

"G  = Go -- (AG)T 
b Lattice diffusion coefficient, Da(Zr4+), is used becuase the diffusion of Zr 4+ in ZrO2 is slower than that of 0 z-. 
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Figure 5 Normalized creep rate versus normalized stress for 
MgO. nA1203 single crystals. Data are presented for; (A) MgO. 3.0 
11203 (100) [42], (El) MgO'l.8AIzO3 (100) [401, ([]) 
MgO- 1.1AlzO3 (100) [41], ( �9 MgO'A1203 [110] fibre [16], (23) 
MgO'AI203 45 ~ from (111) and (101) [393, (0) MgO.0.9 A1203 
[100] [3] and (A) MgO.0.9A1203 [111] E3]. 

Therefore, variables that influence the diffusion pro- 
cess must also affect the creep behaviour of a material. 
In addition to external factors such as temperature 
and stress, some material parameters will influence the 
high temperature creep of single crystal oxides via 
effects on the diffusion of ions and vacancies. More- 
over, the characteristics of defects such as vacancies 
and dislocations in the oxides also determine their 
high temperature creep behaviour. 

4.1. C r y s t a l  s t r u c t u r e  
The specific properties of a ceramic in a crystal struc- 
ture are determined by their having sublattices par- 
tially or totally occupied by ions of various natures, 
sizes and electrical charges. The crystal structure is the 
result of a compromise between steric and electro- 
static requirements; it determines the nature of point 
defects, the structure of dislocations, as well as the 
possible interaction between these defects. 

Simple oxides generally consist of two opposite 
electrically-charged ions. For  some symmetric simple 
oxides such as CaO and MgO (NaC1 structure) in 
which oxygen ions occupy the fcc positions while 
metal ions occupy the interstices, when a dislocation 
moves from one site to the nearest adjacent site on the 
oxygen plane no change occurs in the local ionic 
environment and thus oxides with an NaCl-type 
structure do not exhibit good creep resistance. Oxides 
with hexagonal close-pack (hcp) structure such as 

0~-A1203 and BeO are the other class of close-packed 
oxide materials. In cx-A1203 oxygen ions are packed in 
a close-packed hexagonal arrangement, aluminium 
ions reside in the octahedral interstitial sites and each 
aluminium ion is surrounded by six equidistant oxy- 
gen ions. In this arrangement only two-thirds of the 
octahedral interstitial sites are occupied by cations 
and there are some ordered vacant sites within each 
close-packed oxygen layer. To compromise the bal- 
ance of charges and sites some oxygen anions must 
undulate their sites slightly, and, as a result, the cores 
of the oxygen anions deviate from their ideal posi- 
tions. Therefore, dislocation slip on these oxygen 
planes must require overcoming a greater barrier than 
if the planes were ideal. That  is why ~-A1203 single 
crystals generally exhibit a good creep resistance. For  
some complex oxides, such as YAG (even though it is 
cubic) and spinel (complex cubic), the oxygen packing 
becomes distorted and can vary from position to posi- 
tion within the unit cell. Such complex structures must 
severely inhibit dislocation slip and the creep de- 
formation at high temperature can reasonably be 
considered as a process controlled by a the climb- 
plus-glide sequence as described above. 

4 . 2 .  C r y s t a l l o g r a p h i c  a n i s o t r o p y  
Single crystals are anisotropic in crystal structure. The 
Peierls forces for dislocation glide between different 
crystal planes are different; dislocations glide more 
easily on close-packed planes (with large distance be- 
tween planes) because their cores are more widely 
spread in them, which leads to a lower Peierls stress 
(or lower lattice friction). Moreover, since diffusion is 
the motion of ions or vacancies in the crystal lattice, 
differences in the arrangement of species in the lattice 
along different crystallographic directions must influ- 
ence the diffusion rates of species in these directions. 
As a result, the creep resistance of most single crystal 
oxides strongly depends on the stress axis orientation. 
As shown in Figs 1 and 2, an oxide such as single 
crystal A1203 exhibits different creep rates with differ- 
ent orientations. 

4.3. C r y s t a l  d e f e c t s  
Point, line and surface imperfections in a single crys- 
tal, depending on whether the defects are vacant sites 
or interstitial atoms, various types of dislocations, and 
also stacking faults should have influence on diffusion 
and thus the creep of the material. The characteristics 
of point defects and dislocations in oxides have been 
reviewed by Mitchell et al. [43, 44]. The point defects 
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that are generally found in oxides include oxygen 
vacancies, cation vacancies, oxygen interstitials and 
cation interstitials. The variation of crystal composi- 
tion can cause non-stoichiometry in oxides such as in 
the case of A1203 rich MgO" nAlaO3 in which there is 
an increase in cation vacancies with increasing the 
ratio, n (n > 1) and, as a result, the creep resistance is 
decreased because the dislocation climb process is 
accelerated by the increased vacancy concentration as 
is shown in Fig. 5. The dislocation dissociations which 
have been observed in oxides preserve the integrity of 
the anion sublattice, giving a fault of the cation lattice. 
For the oxides which have been analysed in most 
detail such as A1203 and MgO'nA1203, dislocation 
dissociation occurs in most cases by the separation of 
partial dislocations via a climb rather than a glide 
process. It was shown that the climb dissociated con- 
figuration has a slightly lower energy than the glide 
configuration and that the latter is metastable with 
respect to the former [44]. These points can be used to 
explain why diffusion-controlled dislocation climb 
rather than dislocation gliding is the dominant rate- 
controlling mechanism. Dislocation climb is a com- 
plicated process in oxides and the motion by one unit 
cell vector of a jog in an edge dislocation involves the 
transport of several oxygen anions and cations. There- 
fore those factors which determine the diffusion rates 
of ions and vacancies in single crystal oxides will 
influence their creep behaviour during high temper- 
ature deformation. 

Based on the analysis of the creep data from differ- 
ent sources and the high temperature creep character- 
istics of single crystal oxides, it appears that the factors 
which contribute to high creep resistance are as fol- 
lows: (a) strong bonding between the cations and an- 
ions which is determined by the compromise between 
steric and electrostatic requirements; ( b )a  close- 
packed, irregular and complicated crystal structure 
which makes dislocation slip and climb difficult; (c) an 
orientation which suppresses the easier slip systems; 
(d) a precise stoichiometry which makes a perfect ar- 
rangement of cations and anions with low defect con- 
centration; and (e) relatively high melting temper- 
ature which determines the strong bonding of cations 
and anions at high temperature. Single crystal oxides 
such as YAG, c-axis A1203 and [110] oriented 
MgAI204 have these qualities, and can be considered 
as promising candidates for developing reinforce- 
ments for CMC's. 

5. Summary and conclusions 
(1) The Larson-Miller method is an effective ap- 

proach to evaluate the high temperature creep 
properties of single crystal oxides. 

(2) The high temperature creep of single crystal oxides 
generally occurs via a diffusion-controlled process. 
These include dislocation climb controlled by the 
lattice diffusion of the slowest moving species at 
moderately high stresses (power law creep), 
Harper-Dorn creep at low stresses, and power law 
breakdown at high stresses. The factors that hin- 
der dislocation motion, especially dislocation 
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(3) 

climb, and decrease the lattice diffusion rate of the 
slowest moving species in an oxide increase its 
creep resistance. 
The results of a comparison of creep data from 
different sources using the L - M  method and a gen- 
eral analysis of high temperature creep behaviour 
indicates that single crystal oxides with a precise 
stoichiometric composition, complex crystal struc- 
ture and selected orientation such as YAG, c-axis 
A 1 2 0  3 and [110] oriented M g A 1 2 0  4 a r e  promising 
candidates as reinforcements in CMC's intended 
for high temperature structural applications. 
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