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Abstract

Fiber strength retention and creep currently limit the
use of polycrystalline oxide ®bers in ceramic matrix
composites making it necessary to develop single
crystal ®bers. Two-phase alumina/YAG single crys-
tal structures in the form of mono®laments show that
the room temperature tensile strength increases
according to the inverse square root of the micro-
structure size. Therefore, microstructure stability
will play a signi®cant role in determining the `use
temperature' of these ®bers along with its creep
resistance. In this work, the e�ects of temperature on
microstructural stability and the creep behavior of
directionally solidi®ed alumina/YAG eutectic mono-
®laments were studied. Microstructural stability
experiments were conducted in air from 1200 to
1500�C and creep tests at temperatures of 1400 to
1700�C. Inherent microstructure stability was found
to be very good, however, extraneous impurity-
induced heterogeneous coarsening was signi®cant
above 1400�C. The creep strength of mono®laments
with aligned microstructures were superior to ones
with low aspect ratio morphologies. Mechanisms for
microstructural coarsening and creep behavior are
discussed. # 1999 Elsevier Science Ltd. All rights
reserved.

Keywords: Al2O3, coarsening, creep, ®bers, mono-
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1 Introduction

Oxide based ®bers are regarded as the most desirable
reinforcing material for ceramic matrix composites
(CMCs) because of their inherent thermochemical
stability in air.1±5 Polycrystalline ®bers are limited

to a maximum useful temperature of between 1000
and 1200�C by ®ber strength degradation and
creep.6,7 Rapid strength loss is due to grain growth
while high creep rates are due to di�usional creep
mechanisms, both phenomena are the consequence
of grain boundaries. Single crystal ®bers show
superior creep resistance because the elimination of
grain boundaries forces microstructural changes to
occur through bulk and surface di�usional pro-
cesses.8±15 However, single crystal ®bers are limited
by a low fracture toughness (Kc) and strength
degradation at moderate temperatures caused by
¯aws which undergo slow crack growth.10,11,16±21

In the hopes of overcoming the shortcomings of
single crystal ®bers, two-phase single crystals
structures have been explored. Bulk eutectics show
better Kc values than single crystals, but their creep
resistance is limited by deformation and decohe-
sion at misaligned colony boundaries.22±24 Eutectic
mono®laments have been fabricated using single
crystal melt processes of edge-de®ned ®lm-fed
growth (EFG)25±30 and laser heated ¯oat zoning
(LHFZ).31±33 Process control during directional
solidi®cation has resulted in either the colony
boundaries being completely eliminated or aligned
with the stress axis of the ®ber. In this study,
directionally solidi®ed alumina/YAG eutectic [DS-
AYE] mono®laments were selected because the
CTE mismatch is low and the solid solubilities of
constituent elements is very limited. Both proper-
ties are essential for thermal mechanical and
microstructural stability.
Statistically designed growth experiment on DS-

AYE mono®lament using the edge-de®ned ®lm-fed
growth method (EFG) has been conducted at UES
Inc.34 and Saphikon Inc.35

Each study concluded.

(a) The ®ber pull rate was the dominant pro-
cessing parameter for increasing the steepness
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of the thermal gradient during solidi®cation,
hence, reducing the microstructural scale (as
measured in the transverse section) in the
mono®lament.

(b) The phase alignment and its aspect ratio (as
measure in the ®ber growth direction) was
increased when the pull rate was increased
and a planar solidi®cation front was main-
tained.

(c) It was anticipated that a reduction in ®ber
diameter would also reduce the phase size
and result in an increase in strength, similar
to what is seen in single crystal growth.36,37

However, in this ®ber system only minimal
increase was noted by both vendors.

(d) The `®gure of merit property' in both studies
was the room temperature (RT) tensile
strength. It was concluded in both studies
that the ®ner the transverse phase size the
greater the RT tensile strength.

Figure 1 shows a plot of selected room tempera-
ture strengths of DS-AYE materials as a function
of phase size from several investigations (including
®ber and bulk processed eutectic melts) along with
an empirical ®t as predicted by the Hall-Petch type
relationship. These data suggest that the RT tensile
strength is proportional to the inverse square of the
phase size (a Hall Petch type relationship) similar
to what is observed in polycrystalline ceramics.
Thus, the critical processing ¯aw size must be
constrained to within an alumina/YAG phase
dimension in the as-grown ®bers. Strength reten-
tion at high temperatures or after long term

anneals should be predictable by the homogeneous
coarsening behavior. However, in this system
severe strength degradation problems have recently
been reported after long term anneals32,38±41 and
attributed to a discontinuous coarsening mechan-
ism.42,43 Strength limiting defects appear on the
®ber surface as abnormal coarsened areas which
are distributed heterogeneously. The ®rst part of
this work will focus on a systematic heat treatment
study coupled with SEM, EDX, and TEM analysis
to clarify the coarsening mechanisms in the system
and its e�ects on strength will be discussed. The
second part of this work will focus on the creep
behavior of the system and how phase alignment
e�ect creep. Methods to obtain the reliable steady
state creep data will be discussed.

2 Experimental Procedures

2.1 Fiber processing and characterization
DS-AYE mono®laments grown using the EFG
process were obtained fromUES Inc. (Dayton, OH)
and Saphikon Inc. (Milford, NH). TEM Selected
Area Di�raction analysis showed that both mono-
®laments had the same orientation relationship
(OR) between phases (0001)A//(111)Y, (1010)A//
(011)Y, [1120]A// [211]Y but each had distinctly
di�erent microstructures. Mono®laments from the
UES statistically designed growth experiment were
used in this study and contained a Chinese script
morphology throughout.22±29 The backscattered
SEM micrographs of the longitudinal and trans-
verse section of an as-fabricated UES ®ber is
shown in Fig. 2(a). The microstructure consists of a
®ne lamellar structure containing YAG single crystals
(bright phase) distributed in a matrix of single crystal
Alumina (dark phase). The volume fraction of phases
was determined digitally to be approximately (55%
YAG). This value agrees with what is predicted by
the phase diagram.44±49 For creep testing, the UES
mono®lament selected had a large microstructural
scale and a low aspect ratio. The average thickness
of the YAG phase (as measured in the transverse
section) of approximately 0.5 �m, while the aver-
age length of the YAG phase with respect to the
®ber tensile axis was approximately 5 �m.
Most mono®laments produced by Saphikon

using the EFG process were similar in micro-
structure to the UES ®ber. One exception was a lot
of mono®lament which had a very unique micro-
structure consisting of a single colony containing
rod/plate type eutectic morphology surrounded by
a casing of a uniform Chinese script morphology
[®ber designation (YAE-1, machine 28, die 29)],
[Fig. 2(b)]. The rod/plate colony occupied about 50
vol% of the ®ber and contained extremely ®ne

Figure 1. RT fast fracture tensile strength of DS-AYE. Curve
®t with an inverse square root function.
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phase sizes which were highly aligned. The YAG
phase thickness was 0.15 �m and lengths of nearly
in®nity. While the Chinese script section at the ®ber
rim contained YAG phase thickness of 0.25 �m and
lengths of approximately 5 �m. A detailed explana-
tion for the growth conditions which lead to this
unique colony microstructure is not clear at the pre-
sent time. However, colony formation may be due to
the melt being slightly hyper-eutectic in composition
or that one phase took the lead in the solidi®cation
causing a non-uniform solidi®cation front. In either
case, the microstructure of this mono®lament
allowed for validation of the strength and creep
hypotheses without the complication of di�erent
orientation relationships between the interpenetrat-
ing Alumina and YAG single crystal phases.
In both mono®laments the alignment of the

microstructure with respect to the ®ber axis was
not always perfect but meandered about the axis of
the ®ber. This growth phenomena is also found in
C-axis sapphire production.18,19,50 The e�ect of

processing variables on the meander was not stu-
died in this experiment; in fact its occurrence was
minimized by careful selection of the ®bers being
tested. In the creep experiments where 12 inch long
®ber sections were needed the microstructure was
characterized at both ends to assure good alignment
and colony centering.

2.2 Microstructural stability
Anneals were performed in air using an 8 inch (20.32
cm) vertical sapphire tube furnace containing
molybdenum disilicide elements which allowed for
a 2 inch (5.08 cm) constant temperature zone. The
sapphire tube had an opening of 1/4 inch (0.635
cm) diameter; which allowed for four mono®la-
ments to be suspended in the furnace at a given
time. The furnace was heated at a rate of 6�C minÿ1

to the desired exposure temperature and ®bers
were removed after 1, 10, 50, and 100 h exposures.
Exposures were performed at temperatures ranging
from 1200 to 1500�C in approximately 100�C

Fig. 2. SEM backscattered micrographs of AYE mono®laments from 2 vendors. The ®ber growth direction is indicated with
arrows. (a) Uniform Chinese script morphology from UES mono®lament grown at 0.5 in minÿ1. (b) Colony microstructure of the

Saphikon mono®lament (Chinese script morphology at the rim and continuous rod/plate lamella in the core).
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increments. This furnace design was selected to
assure no reaction of the furnace element environ-
ment with the mono®laments. Some mono®la-
ments were intentionally allowed to collect dust in
ambient conditions while others were cleaned and
handled with scrupulous care.
The heat-treated ®bers weremounted on a stainless

steel ruler and carbon coated for evaluation in a
Leica FEG 360 SEM equipped with a Noran (EDX)
Spectrometer. Backscattered electron SEM micro-
graphs of select ®ber surfaces are shown in Fig. 3 to
illustrate homogeneous and heterogeneous coarsen-
ing. The location of heterogeneous defects on the
®ber surfaces were noted so that `site speci®c' TEM
foils could be prepared at a later date. The heat trea-
ted ®bers were cut, mounted, and polished to yield
longitudinal and transverse cross sections. These
samples were evaluated in the SEM for phase volume
fraction, size, shape, and alignment. `Site speci®c'
TEM thin foils were successfully prepared in a Phi-
lips SEM coupled with a FEI Focused Ion Beam
(FIB) milling unit. TEM micrographs, crystal-
lographic analysis using Selected Area Di�raction
(SAD), and chemical analysis were performed using
a Philips FEG 200 TEM equipped with a Noran
(EDX) Spectrometer and a Gatan DigiPEELS unit.

Fig. 3. SEM micrographs of ®ber surface. (a) As received. UES mono®lament grown at 0.5 in minÿ1. (b) Homogeneous coarsening
after annealing at 1500�C, 100 h in air. (c) Heterogeneous coarsening after short-term anneal at 1400�C, 10 h. (d) Heterogeneous

coarsening after long-term anneal at 1400�C, 50 h.

Fig. 4. Model of heterogeneous coarsening shown as a func-
tion of time.
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2.3 Creep experiment
Cold grip-constant load tensile creep testing was
conducted in air using a vertical sapphire tube fur-
nace that contained an inductively coupled molyb-
denum susceptor. Details of the design are given
by Sheehan.11,13,51±53 This furnace has a hot zone
of approximately 0.5 in (1.27 cm) at 1500�C as
de®ned by a �10�C span. Displacements were
measured using a linear variable displacement
transducer with the core rod attached between the
end of the ®ber and the weight. Argon was used to
protect the molybdenum susceptor which resided
between the OD of the 1/8 inch (3.175 mm) dia-
meter sapphire tube and the ID of a 2 inches (5.08
cm) quartz tube. Each tube was approximately 8
inch in length. An atmosphere of room air was
maintained around the mono®lament in the ID of
the sapphire tube. The furnace temperature was
controlled by a thermocouple placed between the
sapphire tube and the molybdenum susceptor.

Furnace pro®ling was done prior to and after each
test using both a (Pt-Rh) thermocouple as well as
an Accu®ber optical thermocouple. Creep test was
terminated upon rupture or after 200 h of expo-
sure. Creep tests were performed at loads from 100
to 500 MPa and temperatures from 1400 to
1700�C. Crept samples were mounted on a stainless
steel ruler and the ®ber surface were characterized
in an SEM. Transverse and longitudinal sections
were prepared from the gage section and char-
acterized by transmitted polarized light, SEM,
EDX, and TEM. One creep test per setup was used
so as not to confuse the analysis.

3 Results and Discussion

3.1 Homogeneous coarsening and strength retention
The homogenous coarsening of the rod/plate
morphology found in the Saphikon DS-AYE

Fig. 5. TEM micrograph and EDX spectra of the surface defect found in Fig. 3(c). This is the initial stages of heterogeneous
coarsening on an AYE-UES mono®lament exposed for 10 h at 1500�C in air.
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mono®lament is very slow following (t1/4) kinetics
according to Yang.41,54 His analysis was conducted
using a classical rate theory approach most com-
monly used in grain growth analysis:
Dn ÿDn

o � kt; k � Ae�ÿQ=RT�, where (D) is the
instantaneous YAG phase thickness measured in
the transverses cross section, (Do ) is the initial
YAG phase thickness, (t) is the time, (n) is a con-
stant, (k) is a kinetic constant (depending primarily
on the temperature and the interfacial energy), (Q)
is the activation energy, (T) is the absolute tem-
perature, (R) is the gas constant, and (A) is an

empirical constant. In polycrystalline, single phase
grain growth, (A) is related to the frequency of
atoms jumping across the grain boundary. In this
two phase single crystal structure, it could be rela-
ted to numerous phenomena, such as the frequency
of kink formation at the interface boundary, the
frequency of kink migration to the coarsening site:
however, all of these phenomena are limited by dif-
fusion of O, Al, or Y ions along the interphase
boundary. According to Ardell 55,55 the observed
t1/n behavior where n � 4 is consistent with an
interphase di�usion controlled mechanism.

Fig. 6. EDX mapping of TEM micrograph from the surface defect found in Figs 3(c) and (5) showing the extent of reaction and the
wetting of interphase boundaries by the silicate phase. This is the inital stages of heterogeneous coarsening on AYE-UES mono-

®lament exposed for 10 h at 1500�C in air.
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In Yang's work, the activation energy (Q) for the
coarsening process was determined by plotting log
(D4 ÿD4

o�=t verses 1=T�K� 10ÿ4 and taking the
slope. A value of Q � 280 kJ/�K-mol was obtained
and it was suggested that the rate limiting step for
the coarsening process was the bulk lattice di�u-
sion of O2ÿ in YAG � 310 kJ/�K-mol.56 However,
in this system the oxygen sublattice only requires

short range di�usion to meet the crystallographic
constraints at the interface. Therefore, it is highly
unlikely for O2ÿ ions to be the rate limiting species
for homogeneous coarsening. More realistic would
be the di�usion of Y3+ ions which is the heaviest
and largest ion in both single crystal YAG and
yttrium solid solutions in Sapphire. Unfortunately,
the activation energy for grain boundary di�usion

Fig. 7. TEM analysis of the surface defect found in Figs 3(c) and (5). (a) TEM BF micrograph showing large facets at the alumina±
silicate interface. (b) TEM SAD pattern from the glassy silicate (grey) phase in (a). (c) Al2O3±Y2O3±SiO2 ternary phase equilibrium

diagram showing the liquidus surface. The shaded area shows the liquid compositions possible below 1500�C.62

Stability and properties of directionally solidi®ed alumina/YAG eutectic mono®laments 2493



of Y3+ ions in YAG has not been recorded in the
literature. However, a reasonable estimate would
be a value which is half that of Y3+ ions lattice
di�usion in YAG. Parthasarathy57 showed the
activation energy for Nabarro±Herring creep
[volume di�usion control creep] of polycrystalline
YAG to be 587 kJ/�K-mol. Similarly, Hay58

showed a Q � 550 kJ/�K-mol for the solid state
reaction of sapphire�YAP ! YAG. Each of

these authors concluded that the rate limiting step
was the lattice di�usion of the Y3+ ions. The value
of 280 kJ/�K-mol reported by Yang is close to half
of these reported activation energies for bulk lat-
tice di�usion. Therefore, it is reasonable to suggest
that the activation energy found for homogeneous
coarsening by Yang is on the order that one would
expect if interphase boundary di�usion of the Y3+

ions are rate limiting.

Figure 8. TEMmicrograph and EDX spectra of the surface defect found in Fig. 3(d). This is a long term HT showing heterogeneous
coarsening on AYE-SAP mono®lament exposed for 50 h at 1400�C in air. The Ga signal results from the ion milling process.
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It is important to point out that the classical rate
theory analysis used by Yang implicitly assumes
that D>>Do

59 by at least one order of magnitude
(if not greater) and this may not be the case for
Yang's data nor any data collected in this study.
The maximum homogeneous coarsening factor of
only 2.5 was observed. Similarly, the mechanism
for rod coarsening was not discussed by Yang. One
can visualize and model Ostwald ripening (coarsen-
ing without a morphology change) of a co-con-
tinuous microstructure through a ledge migration
process which result in a time exponent less than 1/3.
However, the extension of these arguments to a non-
co-continuous situation like a rod microstructure is
di�cult. It will probably require rod branching and

sphereodization (coarsening with a morphological
change) to be present. Therefore, much longer
annealing times are needed to validate the classical
theory assumption and determine the mechanisms.
These long term experiments are in progress. In any
case, the slow homogeneous coarsening kinetics
observed in the DS-AYE mono®lament is much bet-
ter than the (t1/2 ) kinetics observed in grain growth
in polycrystalline alumina ®bers. Consequently, the
strength retention should be very good and pre-
dictable from the phase size using Fig. 1. However,
signi®cant strength degradation has been reported
after long term anneals.32,38±41 This suggest the pos-
sibility of heterogeneous coarsening sites from the
surface of the ®ber becoming strength limited.

Figure 9. EDS mapping of TEM micrograph from the surface defect found in Figs 3(d) and 8. This is the long-term growth of
heterogeneous coarsening on AYE-SAP mono®lament exposed for 50 h at 1400�C in air.
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3.2 Heterogeneous coarsening and strength
retention
Heterogeneous or non-homogeneous coarsening

has been observed in the AYE system by several
investigators.39±41. These defects were observed in
the SEM as the strength and rupture life limiting
defects after high temperature anneals. This
abnormal coarsening phenomenon appears as very
large blotches on the ®ber surface after long term
anneals [Fig. 3(d)]. Chemical analysis of the ®ber
surface using SEM-EDX spectroscopy showed
only Al, O, and Y present and in the same ratios as
the una�ected microstructure. Hence, it was sug-
gested that the eutectic system must have under-
gone discontinuous coarsening54 similar to that
found in some metal eutectic systems.42,60 Addi-
tionally, it has been suggested that this type of
instability may be inherent in all eutectic morpholo-
gies38,61 and, therefore, limit their usefulness as high
temperature materials. It is important to point out
that the present theories on discontinuous coarsening
are only valid for lamellar morphologies and not rod
structures. However, in this study abnormal coarsen-
ing was also observed on ®bers where the rod mor-
phology hadmeandered to the ®ber surface. [Fig. 3(d)]
Additionally, in the systems where discontinuous
coarsening has been observed substantial solid solu-
bility existed and in this system it does not.
The results from in-depth SEM, EDX, and TEM

analysis on these surface defects were used to
rationalize the mechanism of heterogeneous coar-
sening. The analysis suggests that these defects are
not a result of discontinuous coarsening but
instead a result of a reaction of the ®ber con-
stituents with silica containing dust and dirt from
handling and/or ambient air. A model has been
constructed based on the present work to explain
the sequence of events which have been observed in
both short term and long term anneals (Fig. 4).

3.3 The model for heterogeneous coarsening

1. Silicates from dust and dirt land on the ®ber
and become liquid above 1300�C [Fig. 3(c)].

2. This liquid reacts rapidly with the YAG
phase and decomposes it into a Yttrium Alu-
minum Silicate molten glass [Figs 3(c), 5±7]
as predicted by the phase diagram.62,63

3. The alumina phase coarsens abnormally
because di�usion is rapid in molten silicates
and there is no crystallographic constraints at
the glass/alumina interface. This continues
until adjacent alumina phases impinge upon
each other and form an alumina cap. TEM
di�raction analysis shows the alumina in the
cap contains the same OR as the original
eutectic. The ingress of silicate into the

mono®lament causes the alumina grains to
extrude from the surface in order to preserve
a constant volume condition.

4. The entrapped silicate rapidly wets the inter-
phase boundaries of the system, promoting
coarsening of both alumina and the under-
lying YAG phase [Figs 3(d), 8 and 9 ].

5. After long term anneals, some of the silicate
becomes trapped in the alumina/alumina
boundaries and spheroidizes (Fig. 9). Silicon
ions may go into solid solution in YAG as

Fig. 10. Constant load tensile creep data. (a) Incremental strain
rate versus strain data obtained from a single creep test. The
minimum incremental strain rate regime is assumed to be at
steady-state and its value is used in Fig. 10(b). (b) Logarithmic
plots of theminimum creep strain rate versus the applied stress at
various temperatures for the UES mono®lament. (c) Logarith-
mic plots of the minimum creep strain rate versus the applied

stress at various temperatures for the SAP mono®lament.
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long as some alkaline earth elements are also
present.64,65 This would tend to slow down or
stop the rapid coarsening.

6. The shape di�erence of the defects that form
on the mono®lament surfaces with the Chinese
script morphology (circular) versus the rod/
plate eutectic (elliptical) can be accounted for
by the anisotropy of the interphases themselves.

In summary, heterogeneous coarsening in the
AYE mono®lament appears to be the result of a
reaction between the ®ber constituents and silicates
from dust and dirt. No evidence has been found
suggesting discontinuous coarsening is occurring.
The size of the defects which form will be a func-
tion of the scale of the starting DS microstructure,
the size of the dust or dirt particle, the chemistry of
the dust particle, the temperature, and the time of
reaction. Kinetics of the reaction process is not
extractable from this set of experiments, since the
size of the contaminant and its chemistry were not
controlled. It is important to realize that the high
temperature mechanical properties that one has
measured for this ®ber may not be representative
of its inherent high temperature mechanical prop-
erties, but rather an artifact of this reaction. It
must be emphasized that heterogeneous coarsening
should not be a `show stopper' for this ®ber system
if good housekeeping practices are implemented
prior to coating and incorporation into a matrix.
All of which should tend to minimize or eliminate
the occurrence of these defects.

3.4 Creep
The e�ects of heterogeneous defects also made the
analysis for steady state creep di�cult. Often rup-
ture initiates at these sites while the ®bers was still
in the primary creep regime. In this study, a meth-
odology was established in order to qualify the
creep test results. First, only one test (constant load
and temperature) was obtained per ®ber so as not
to complicate the interpretation. Constant load
tensile creep data (displacement versus time) was
then converted to incremental strain rate versus
strain and plotted. Curves which passed through a
minimum strain rate regime were assumed to be
valid for steady-state creep analysis [Fig. 10(a)];
that is not a�ected by any heterogeneous coarsening
defects in the gage section. Curves from tests which
were stopped prior to reaching a minimum or
failed during primary creep were not used in the
steady state analysis which follows. However,
fractography analysis on these prematurely failed
samples did show that failure occurred at the het-
erogeneous defect site.
Logarithmic plots of the minimum creep rate

versus the applied stress at various temperatures
are shown in [Fig. 10(b) and (c)] for each mono-
®lament. It is obvious from this data that the dif-
ference in microstructure between each ®ber results
in dramatic changes in creep behavior. TEM micro-
graphs from selected crept samples showed high
dislocation activity in the sapphire phase and
moderate activity in the single crystal YAG
phase [Fig. 11(a) and (b)]. Since dislocations were

Fig. 11. TEM micrographs of tensile crept AYE mono®laments. (a) TEM bright ®eld of AYE-SAP crept at 375 MPa at 1500�C
showing high dislocation activity, shear bands, and twinning in the sapphire. (b) TEM-YAG dark ®eld of AYE-UES crept at 125

MPa at 1500�C showing a recovered structure with dislocation networks forming low angle boundaries.
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observed it is reasonable to consider a dislocation
backstress argument to explain the high stress
exponents (slope � n) observed in the logarithmic
plots found in [Fig. 10(b) and (c)]. One possible
source for this backstress is an Orowan pile-up and
bowing mechanism66,67 occurring in the sapphire
matrix due to the presence of the more creep resis-
tant single crystal YAG phase. The data from [Fig.
10 (b) and (c)] is replotted in Fig. 12(a) by including
a threshold stress which was adjusted in order to

get the e�ective stress exponent near a value of 5.
The threshold stresses thus obtained are plotted
versus temperature in Fig. 12(b). The plot shows
that:

(a) the threshold stress converges for the two
di�erent microstructures at about 1650�C;

(b) the threshold stress goes to zero at about
1675�C (well below the eutectic melting point).

Figure 12(b) also includes a calculated barrier
spacing (for both alumina and YAG) which
corresponds to a selected threshold stress as pre-
dicted by the Orowan bowing stress formula:

�threshold � �Gb=l
where � is the coherency factor � 0�5 for this sys-
tem; G is the shear modulus; GA at 1500�C � 133
GPa and GY at 1500�C � 110GPa14; b is the Bur-
gers vector; bA � 5�12A

�
while bY � 10�4A

�
; l is the

barrier spacing or phase spacing.
This plot shows that:

(a) Good agreement exits when comparing
observed YAG and alumina spacings found
in each mono®lament to the calculated
barrier spacings required to produce a given
threshold stress.

(b) According to the Orowan equation, a barrier
spacing of around 4±6 �m would be
required for the threshold stress to become
negligable relative to the applied stress, thus
providing no enhanced strengthening. This
behavior has been observed in two separate
studies on the compression creep on bulk
DS-AYE where the transverse phase size
was greater than 6 �m and the creep stress
exponent maintained a value of 5 irrespec-
tive of the temperature.23,68 [Fig. 12(c)].

(c) An average e�ective activation energy =635
kJ/�K-mol can be calculated from the

Fig. 12. Plots used in creep analysis. (a) E�ective creep curves
for both AYE-UES and the AYE-SAP data. An arbitary
threshold stress is subtracted from the applied stress in [Fig.
10(b) and (c)] in order to get n � 5. (b) The threshold stresses
used to create Fig. 12(a) are plotted versus temperature. (c)
Compression creep data on bulk DS-AYE where the trans-

verse phase size was greater than 6 micron and n � 5.23

Fig. 13. SEM micrograph of AYE-UES sample crept in ten-
sion at 175 MPa and 1500�C showing rupture at the inter-

phase boundary.
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threshold stress adjusted creep plots in Fig.
12(a). This value compares well with the
apparent activation energy of 650 kJ/�K-mol
for compression creep of bulk DS-AYE
where n=523±68.

The steady-state creep behavior is eventually
interrupted by cavitation at the interphase bound-
aries which did not lie parallel to the stress axis. At
these interfaces dislocation pile ups, interact, and
may become sessile. Relaxation of the stress by
dislocation climb and glide is impaired and forces
the strain to be accommodated by cavity develop-
ment. In the third stage of creep, cavities start to
grow and link up resulting in crack formation (Fig.
13). This eventually results in crack linkage and
rupture of the mono®lament.

4 Conclusion

Directionally solidi®ed AYE mono®laments can be
produced with various morphologies and micro-
structure scales depending upon the processing
conditions. The RT tensile strength is predictable
from the transverse phase size using a Hall±Petch
type relationship. Homogenous coarsening is very
slow and obeys a (t1/4) kinetics consistent with an
interface di�usion controlled mechanism. Hetero-
geneous coarsening is a result of surface reactions
with silicon containing species from the environ-
ment and not a result of discontinuous coarsening
observed in some metallic eutectic structures. Hot
strength, annealed strength, and creep rupture of
exposed ®bers are limited by the extrinsic hetero-
geneous coarsening and not by the inherent homo-
genous coarsening. Heterogeneous coarsening
should be eliminated or minimized by good house-
keeping, coatings, and incorporation into a CMCs
matrix. The steady-state creep behavior of the DS-
AYE mono®lament is a strong function of the
microstructure scale, morphology, and aspect
ratio. Enhanced creep strength can be obtained
with ®ne, aligned phases due to the development of
a substantial dislocation backstress. Creep resis-
tance approaches that of single crystal YAG and is
superior to sapphire. Rupture occurs by the link-
age of cavities formed at the interphase boundaries
during the ternary creep stage. The scienti®c merit
of this research lies in the fact that ®ne, inter-
penetrating, aligned, single crystal structures can
provide both high tensile strength as well as super-
ior creep resistance. The DS-AYE mono®lament
should be an excellent choice for a ®ber to meet the
ultra high temperature, long life component
designs for oxidizing environments. Additionally,
many metallurgical processes produce similar type-

microstructures and many emerging technologies
could bene®t from such engineered materials.
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