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Abstract

The creep resistance of the directionally solidified ceramic eutectic gD£d-ZrO,(Y,03) was studied in the temperature range of
1200-1520°C both exprimentally and by mechanistic dislocation models. The topologically continuous majority phas®©gnfhas a
nearly perfect growth texture in th8 0 0 1]direction and encapsulates the minority c-2§0,03) phase in a variety of morphologies. This
encapsulated minority phase too has a closg tb2 growth texture, regardless of morphology. The two phases are separated by close to
coherent and well structured interfaces.

The creep of the eutectic in its growth direction exhibits an initial transient that is attributed to stress relaxation in thgre@yhase,
but otherwise in steady state shows many of the same characteristics of creep in sapphire single crystalasvithentation. The creep
strain rate of the eutectic has stress exponents in the range of 4.5-5.0 and a temperature dependence suggesting a rate mechanism govern
by oxygen ion diffusion in the AlO;. While required TEM evidence is still incomplete, finite element analysis of stress distribution in the
two phases and a detailed dislocation model of the creep rate indicate that much of the nano-scale encapsulgieddz)ds@o small to
deform by creep so that the major contribution to the recorded creep strain is derived from the diffusion-controlled climb of pyramidal edge
dislocations in the AlO; phase. The evidence suggests that the climbing dislocations@s Atust repeatly circumvent the c-Z(Y ,03)
domains acting as dispersoids resulting in the stress exponents larger than 3. The creep model is in very good agreement with the experiments
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction For some time single crystal sapphire fiber witt0[0 1]
axis orientation has been considered as an ideal material for
As Fleischet noted, to reach beyond the capabilities of high temperature applicatichln that orientation with its
the present set of high temperature superalloys and some inprincipal basal and prismatic systems unstressed, sapphire
termetallic compounds that have service limitations at around single crystal fibers have remarkable creep resistance in the
1000 °C, it is necessary to consider other compounds such 1400-1600°C temperature range where only the pyramidal
as oxides, carbides, borides, etc. to reach service temperaslip system is stressed. Early experiments of Firestone and
tures in the 1400-1600C range. While these are all intrin-  Heuef on [0 0 0 1]axis-oriented-sapphire in the 1600-1800
sically brittle materials, having low temperature brittleness °C range produced evidence that such sapphire crystals creep
problems, their high temperature performance is largely gov- entirely by the climb of the 1/81 101 pyramidal edge dis-
erned by their creep resistance and fracture resistance. It idocations, with no slip line or stereo-TEM evidence of glide
creep resistance that is of principal concern here to us. of such dislocations on any of the possible pyramidal planes
available. That such dislocations are entirely sessile in glide
has now been established in very recent MD simulations of
* Corresponding author. Tel.: +1 617 253 2217; fax: +1 617 258 8742.  the core structures of these dislocatiéisThe stress depen-
E-mail addressargon@mit.edu (A.S. Argon). dence of the creep rates &(Q 0 1]oriented sapphire crystals
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and their governing activation energy of oxygen ion diffusion prepared using 99.999% pure polycrystalline®@d pow-
in Al,03 have all been consistent with a pure climb mode of der (CERAC/pure, Ceralox Corp., Tucson, AZ 08676), and
creep? This is extremely rare in the creep of metals, with the 99.999% pure Zr@and Y,Os powders (Alfa Aesar). These
only similar occurrence having been reported by Edelin and powders were blended in acetone for 70 h using high purity
Pourief in similarly oriented Mg crystals. Y203 stabilized ZrQ. The slurry was dried, mixed again
While oriented sapphire single crystal fibers have advanta- and formed into cylindrical rods using cold isostatic press-
geous characteristies and have been considered with diffusioring. These rods were then sintered at 15@in air for 4 h.
barrier coatings as reinforcing elements in polycrystalline A LHFZ process was used to produce the directional solid-
Al,O3 matrixes for composite application$, the practice ification of rods as described previouglflhese rods were
has been costly and lacked flexibility. As an alternative to re-used as source rods to produce final samples. The objective
sapphire-fiber-reinforced ceramic composites, a series of di-of the second solidification was to minimize the entrapment
rectionally solidified ceramic eutectics, consisting largely of of gases at the liquid solid interface. The directional solidi-
an Al,Os component together with compatible stable oxides fication rate was at 2 mm/min for both processes. The direc-
of ZrO; or YAG combine many of the advantages of sapphire tionally solidified (DS) rods had cross-sectional dimensions
fiber with morphological stability at elevated temperatures roughly in the range of 1-1.5 mm diameter changing from

and relative ease of production. Of these theg®, ZrO, sys- rod to rod but showed only small thickness variations along
tem eutectic, with additional 4.2 mol%,©3 modification to their 20—22 cm length in any one rod. They were composed
create cubic Zr@, has received considerable attentforhis of 67% Al,O3 and 33% c-Zr@ by volume. Random section-

eutectic has demonstrated some attractive characteristics. Inng of the rods always showed a certain residual component
the laser heated float zone (LHFZ)-produced eutectic in the of Y3Al5012 (YAG) at levels that were considered to be in-
form of fibers or slender rods the ADs/c-ZrOx(Y 203)** eu- significant. More significant, however, was an unavoidable
tectics possess a sub-micron scale morphology in which thelevel of porosity along the center line of many samples, often
majority Al,O3 phase maintains a topologically continuous with substantial pore dimensions to constitute super-critical
form with a remarkably tightq 0 0 1] growth teture10:11.14 flaws for fracture. These pores always had smooth surfaces
The c-ZrQ phase, in turn, in various morphological shapes indicating they resulted from inadequate wetting during melt-
ranging from aligned fibers or platelets in either well orga- ing and solidification of the initial charge. In a few instances
nized colonies or in less well ordered forms, usually has they resulted in fracture during loading of the creep experi-
one narrow dimension in the 0.2m range, and is always  ments where they were given no further attention other than
fully encapsulated in the ADs phase. This eutectic has characterization of the pore sizes and shapes as a feed-back
fairly reproducible and reasonably attractive levels of frac- to improve the production process. TEM specimens made
ture toughnesg and possesses high quality nearly coherent from randomly spaced axial and transverse sections were
interfacest? used for electron diffraction to check orientation of compo-
The eutectics contain significant levels of residual stress nents. These, as well as a limited number of X-ray pole fig-
at room temperature, resulting from thermal misfit between ure determinations obtained from surfaces of axial and trans-
the component phases. Thex®s was found to be in a state  verse section of the bars demonstrated that th©4Aphase
uniaxial tension parallel to the axis, at a level of 1.0 GPa had a growth texture of)[0 0 1]within 2—-3° parallel to the
while the c-Zr@ was in some form of multiaxial compres- specimen axis. Wherever prominent three-fold symmetrical
sion, roughly at the same levl .Such residual stresses that colony structures of c-Zr@were observable on transverse
decrease in level at elevated temperatures could still be ofsections, there were notable angular differences between the
importance in initial creep resporievhere they, however,  symmetry axes of these colonies indicating the presence of
should be rapidly relaxed on the onset of steady creep flow. small angle tilt boundaries in the D3 (often in the range of
Here we will be primarily interested in the creep resistance 10 °) with tilt axes parallel to the growth axis. Since such tilt
of these ApO3/c-ZrO; eutectics in the 1200-152TC range. boundaries would not be stressed in samples under tension
parallel to the bar axis, they were not considered to be of any
importance in the creep behavior.

2. Experimental details A few direct lattice imaging observations were also made
of the structure of interfaceBig. 1shows one such direct lat-
2.1. Material and characterization tice image of a typical interface that is incoherent but atomi-
cally narrow.
The eutectics of AlO3z/c-ZrOx(Y 203) have all been pro- Corresponding determination of the texture of the c-ZrO

duced by the Laser Heated Float Zone (LHFZ) method at phase, largely based on electron diffraction information, in-
the NASA John Glenn Research Cerit@ource rods were  dicated that this phase had primarily(hl2 growth tex-
ture with fiber symmetry, incorporating random rotations

_ . 4o . . .
#1 We note that about 4.2 mol% of,0z in the entire eutectic is required about this axi§? The sketch OfFlg. 2 shows pICtO”a”y

to form cubic zirconia. Hereafter in the paper, however, we refer to cubic
zirconia merely as c-Zr@ #2 Textures such agl 1 1) have also been reported by other investigators.
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Fig. 1. Direct lattice images of a typical interface betweegQland c-ZrGQ in an Al,Oz/c-ZrO,(Y 203) eutectic.

the mutual orientational association of the two component hot zone of 5¢cm diameter and 5cm length made up of a

phases. split cylindrical configuration of a 1 mm thick Ta sheet with
alternating up-and-down slits to increase the path length of
2.2. Creep equipment and creep strain measurement the heating element. The hot zone was surrounded by a se-

ries of Mo radiation shields. The long specimens threaded
The creep experiments were carried out in tension inside through the hot zone and were gripped at their ends by

a Centorr vacuum chamber containing a specially designedspecially produced metallic friction grips, clamping down
on the ends of the specimens through annealed soft nickel

sheets to avoid high local contact forces on the rods that
could have resulted in fracture. Two relatively massive water
cooled OFHC Cu plates were placed between the two ex-
its of the hot zone and the specimen grips to assure that the
gripping conditions were, as much as possible, at low tem-
perature not to exceed about 200 to avoid slippage in the
grips. Stressing of specimens was by externally applied dead-
loads.

An optical grade sapphire window permitted viewing the
hot specimen through a narrow axial slit in the heating ele-
ments to permit direct measurements of the specimen tem-
perature by means of a two-wave-length pyrometer (from
Omega Vanzetti, Sharon, MA, USA), providing emissivity-
independent measurements. In addition to a control ther-
mocouple inside the hot zone, another thermocouple placed
close to the specimen without touching it, was used to ac-
st ot ani 10w et s I 1900 1 toay eperare 1 e herma) sy
by electron diffraction analysis. Other textures for c-Zr@ave also been ]
reported. that measured by the pyrometer on the specimen usually

-
z

[0001] Al203
{0001}

Fig. 2. Sketch showing the textural arrangement of thgDAlcomponent
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agreed quite well. The hot zone temperature was automat-3. Experimental results
ically controlled by the PID control system of the Centorr
equipment. 3.1. Transient effects
Since the steady state creep extensions of the specimens
under stress were generally quite small, to eliminate random  Upon initial application of stress to a virgin specimen
flexures and motions of the massive creep frame from in- a strain transient was always observed. One such transient
fluencing the measurements, the displacements of the tworecorded for an experiment at 120@ under a stress of
ends of the load train immediately outside the vacuum cham-300 MPa is shown irFig. 4. The characteristic time con-
ber were simultaneously measured by sets of four LVDTs stant of the transient decreased with increasing temperature,
at both the top and bottom ends of the Centorr chamber.e.g. from ca. 3 x 10%s at 1200°C to 200s at 1400°C.
The differences between these two measurements then corThe usual explanation of the transient to be due to initial
responded to the extension of the specimen. Since the temwork hardening in the creeping components prior to estab-
perature of the specimen inside the hot zone was higherlishment of a steady state by recovery processes, familiar in
by 1200-1300°C above the portions of the sample out- creep of homogeneous metals, was discounted here since no
side the hot zone, the gauge length was taken as the axprominenttransients were found following stress increases at
ial extent of the hot zone. Even under ideal conditions the steady state creep. The most likely cause of the transient was
total creep strain was never too uniquely determinable. To the rapid stress relaxation in the coarse c-Zt@mponent by
overcome this difficulty all creep strains at steady state creep since for the measured texture of that component there
were always measured incrementally at a given tempera-is an abundance of thd 10 {100} principal slip systems
ture under two different applied stresses and often as load-that are well oriented for slip, and the creep resistance of c-
ing and unloading cycles. This practice of relative mea- ZrO; inthis temperature range is known to be p&tin more
surements of creep strain did not only give more reliable ideal morphologies, as presented by Sayir and Firianed
determinations of the strain rates at the two different lev- Argon et al.l’ the coarse fraction of the c-Zg@s located on
els of stress but also demonstrated the nearly complete ab<olony borders. In the usual less ideal morphologies where
sence of transients in such incremental changes in steadyfibrillar c-ZrO- is still aggregated but does not form well-
state creep. A typical response of this type is shown in structured colonies the coarse fraction was found to be less
Fig. 3 for creep at 1520°C at stress levels of 150 and regularly distributed (seEig. 7). An upper bound manifes-
200 MPa. The random-appearing irregularities on the creeptation of the poor creep resistance of c-Zr€an be assessed
curves inFig. 3 were attributed to be of instrumental ori- from a finite element (FEM) study that will be presented in
gin. When determining actual increments of creep strain Section4.3. There it was found that for the complete relax-
in any interval of time these variations were operationally ation of the deviatoric stresses in the entire c-Zphase the
smoothed out. The accuracy of strain measurement wasvolume average deviatoric stresses as well as mean normal
around 14 x 10°°. stresses in the AD3, increase roughly by 25-30% which
would resultin an increment of additional elastic strain in the
sample of about & 10~%. This level is illustrated irFig. 4
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Time (s) x 10 Fig. 4. A typical creep strain transient in an8k/c-ZrO, eutectic under

a stress of 200 MPa at a temperature of 12@0 The horizontal line gives
Fig. 3. Atypical strain time plot for steady state creep at two different stress an estimate of creep strain increment due to stress relaxation in the coarse
levels in an ApOz/c-ZrO; eutectic rod at 1520C. fraction of c-ZrQ.
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Table 1 10
Recorded steady state strain rates Sayir (1400°C)
; = Sayir
Stress (MPa) Strain ratgsample #)f average rate] (3" . ¢ 1520°C m=6.0
10° © 1400°C o
° o Sapphire
12;)(())0 C . 0 o 1200°C ~~ at1400 C
x 10710 (142-18) T3.0 i
1400°C @ 1 @ 19200
200 36 x 107° (187-29) N ~45
225 226 x 1079 (187-27-2); 816 x 1079 (187-27-1) g 1400C
[5.21x 1079 E::; 10 P
® 538,
250 553 x 10~9 (187-29) & . e B
275 995 x 109 (187-27-2); 110 x 1078 (187-27-1) 10 s m=4.16
[1.048x 1079
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150 157 x 1079 (142-16); 440 x 1079 (142-16) [ 298 x o
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200 120 x 108 (142-16); 160 x 10~8 (142-16) [ 140 x 1 O
10-8] Stress, MPa

Fig.5. Plots of steady state creep rates as a function of stress for temperatures

by the horizontal line. The actual amount of stress relaxation of 1200, 1400 and 1520C compared with measurements reported by Sayir
in the c-ZrG, however, is difficult to determine since a sub- and Farmef.Broken lines represent predictions of creep model foAlc-
stantial fraction of thiS’ component has phase dimensions ianOZ at 1400 and 1520C, together with model prediction for sapphire at

pon pha: . 1400°C.
the range of 0.2—0.4um and is likely to be dislocation-free
and incapable of plastically deforming as we discuss in Sec- creep rates at 1400 and 152C, shown inFig. 5, are 4.16
tion 4. These, and the difficulties in determining the absolute and 5.38 and are lower than that of Sayir at 6.00. As we will
measures of strain derived from the hot zone portions of the discuss in the creep model in SectibB, these exponents are

samples requires us to de-emphasize this portion of the creegelatively high and need to be explained, as we will do later

response. in Section4.4.
Table 1contains also sufficient information for the deter-
3.2. Steady state creep mination of the activation energy of the governing creep pro-

cess. The plotofthe creeprates at a stress of 200 MPa for three

As already mentioned in Secti¢h2 the main informa-  temperatures of 1200, 1400 and 152Din Fig. 6gives an ac-
tion on steady state creep was obtained from incrementaltivation energy ofQ = 71.1 kcal/mol for the rate controlling
experiments of sudden stress increases and decreases at con-
stant temperature as shown in the typical casEigf 3 of T (C)
creep response. A simple check of the magnitude of the in-

. ) . 1600 1500 1400 1300 1200 1100
stantaneous stretches or contractions for stress increases o1 107 T : : T T T
decreases, utilizing the appropriate information on the tem-
perature dependent Young’s modulus 05®@$6 gave in all G = 200 MPa
cases that the recorded jumps were all about a factor of 2
larger than what could be expected from the sample in the
hot zone. Since this was well within the additional flexures 10°
and relaxations in the load train the recorded strain rates were
considered to be reliable.

After the final configuration of the hot zone discussed
in Section2.2 was completed, 11 determinations of steady
state creep rate were made, all together at 3 temperatures of  10°
1200, 1400, 1520°C at stress levels ranging from 150 to
275 MPa, derived from incremental experiments similar to
those inFig. 3. These measurements are listedéble land
are plotted irFig. 5together with the creep rates at 1400

due to Sayir and Farméi’#3 The stress exponents of the 10 e e L
0.0005 0.0006 0.0007  0.00075

1T (1/K)

TTTIT
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#3 The higher creep rates and the larger stress exponents in these early
investigations are most likely a result of not reaching steady state but still Fig. 6. Determination of activation energy of steady state creep from tem-
being in a late stage of transient behavior. perature dependence of steady state creep rate.
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process in steady state creep which we consider to be due tang too small to have the capability of undergoing plastic
oxygen ion diffusion which is known to be the slowest species flow by independent internal processes of dislocation multi-
in Al,O3. This value is to be compared with 105 kcal/mol for plication by glide or climb, as already remarked above. The
temperatures above 140@ and 26 kcal/mol for tempera- ¢-ZrO, phase components of larger dimensions, as the ir-
tures below 1400 C for the same process measured by Oishi regular shaped ones Irig. 7 should undergo rapid stress
and Kingery® in pure polycrystalline AlOs. The somewhat  relaxation in the 1200-1520C temperature range of inter-
lower magnitude of the measured activation energy for oxy- est, as the transient creep curvéaf. 4suggests. Such stress
gen ion diffusion is attributed to the likelihood that a signif- relaxation by glide on th¢100}(1 10 primary systems in
icant fraction of the diffusion current will be along the the the c-ZrGQ component having & 1 2) texture should be rela-
incoherent interfaces. tively unhindered. Even so, as we presentin Seci8-EM
analysis shows that complete shear stress relaxation in the c-
ZrO; still leaves the mean normal stress intact in it which

4. The creep model prevents large average stress enhancement in th©3zAl
phase.
4.1. Basic assumptions Since the best slip systems of the basal and prismatic type

are largely unstressed for glide due to the tight texture of

The fact that the c-Zr@of considerably lower creepresis- the Al,Oz phase, and since the pyramidal dislocations of
tance is encapsulated everywhere by the topologically con-1/3(110 1) type are sessile in glide, due to a unique core re-
tinuous AbO3 with a very tight growth texture ofqO0 1] structuring process as has been recently demonsttated,
along the axes of the DS eutectic rods indicates that steadyexpect that creep in this component for eutectic fibers in ten-
state creep must be controlled by the®@4 phase, once any  sion, can only be a consequence of climb of the3§111 0 1)
limited compliance increment due to the stress relaxation in dislocations, whether they exist on the prism planes or on
the coarse fraction of c-Zrfds complete. This suggests that the pyramidal planes. This has already been recognized by
the overall creep response must have the same characterisFirestone and HeuérCreep, derived entirely from climb-
tics of steady state creep in sapphire single crystals reportedng edge dislocations is quite rare in structural metals. The
by Firestone and Heuérlbeit with certain important added  only previously reported similar case is in Mg single crys-
complexities derived from the presence of the c-Zpbhase. tals stressed in theDP 0 1] direction® Nabarrd® has pre-
Fig. 7shows the well-known phase morphology of a typical sented an idealized model of creep derived from climb of
Al,03/c-ZrO, eutectic where the bright phase is the c-ZrO  a Frank type dislocation network where material fluxes are
Very much like they’ phase in superalloy single crystals of between the actual climbing dislocations with Burgers vec-
CMSX-318 a large fraction of the c-ZrOhas dimensions  tors parallel to the stress axis and those of other types expe-
in the range of 0.2—0.4um and must be regarded as be- riencing no climb forces. Firestone and Helitaund rea-
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Fig. 7. An SEM micrograph of a typical morphology of the@®g/c-ZrO; eutectic, as revealed in a transverse section. The phase morphology of the longitudinal
section, while somewhat different, is statistically quite similar to that of the transverse section. The black compon@at iié¢h of the c-ZrQ component
(the bright regions) is of low sub-micron size and is expected not to deform by any form of crystal plasticity.
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sonable agreement of their results where the stress expo-
nents were in the range of 3 as the Nabarro model pre-
dicts. In our case where the stress exponents are in the
range of 4.5-6.0 we expect different conditions to hold,
requiring considerable modification of the Nabarro frame-
work.

Since basic TEM information is still largely absent to fur-
nish better guidance, in our model, we make a number of
essential assumptions. We assume that tj@)(11 0 1) dis-
locations pre-existin the AD3 phase, having been generated
during the directional solidification process while the mor-
phology is being established, and will multiply by topologi-
cal convolution processes in well known ways from sources,
and will be available for climb under stress during creep. We
expect that the mean free path lengths of climbing disloca-
tions in Al,Os will involve several multiples of the inter-
phase dimensions, i.e. be of the order of microns, requiring
the climbing dislocations to repeatedly bow and straighten-
OL.H as th.ey,thread through the small C_Zrdbm?‘mS that Fig. 8. Sketch of a round bar of a ADs/c-ZrO;, eutectic withz-axis par-
will remain impenetrable to them. Such repetition of tran- el o the p0 0 1]direction of the AjOs. The plane at angl outlines a
sient line shapes will be viewed as the primary source of pyramidal glide plane. A local tensile strasgwill make a positive edge
the elevation of the creep stress exponents to become largegislocation climb in the negativi-direction.
than 32° We assume that the climbing pyramidal disloca-

tions can multiply by topological process a'la Bardeen and chosen in a pyramidal glide system with axis 1 chosen par-
Herring?! As for the climb of these dislocations, we assume gjlel to the 13(110 1) Burgers vector, axis 2 normal to the
that this will be diffusion controlled with adequate jog con- pyramidal plane making an angiewith the bar axis, and
centrations present along the dislocations, these we expechxis 3 parallel to the line vector of a positive edge disloca-
to be produced by nodal emission processes from networktjon. Under a uniform stress; a positive edge dislocation
junctions rather than being of a thermal equilibrium nature will climb in the negative 2 direction with a velocity. to

which preliminary analyses show to be far too difficult. We  contribute to a uniaxial tensile creep strain rate parallel to the
assume that the diffusional transport will be between dislo- 1 direction. This velocity, if it were governed by diffusion

cation cores and the large concentrations of incoherent orcontrolled climb would be given by Friedél

semi-coherent interfaces. We assume also that the interfaces

will be completely opaque to the transmission of dislocations 27D(01 — o1)b?

from c-ZrO; to Al,O; or vice versa. Analysis indicates that V¢ = T kT In(rs/re) @

such transmission would be subject to extremely large energy

barriers, that can not be overcome. We expect that the residwhere D = Dgexp(—Q/RT) is the diffusion constant of

ual stresses due to initial thermal misfit between the compo- Al,03 where oxygen is recognized to be the slow diffus-

nents will be relieved during the transient phases of the creeping speciesgT is the triaxial component of the applied stress

and provide another contribution to the recorded amounts (o./3) that does not promote equilibrium climi,is the dis-

shown inFig. 4, but that steady state creep will be gov- tance from the dislocation core to vacancy sinks along the

erned by the climb forces resulting entirely from the applied interfacesy. the core radius from which point defect emis-

stress. sion is consideredy the magnitude of the Burgers vector,
Finally, we expect that as the topologically continuous Dg the pre-exponential factor of the diffusion constanthe

framework of the AJO3 creeps and extends, whilethe c-2rO  activation energy of O ion diffusion in ADz andR andT

largely remains either dormant or is merely stress-relaxed, have their usual meaning. The kinematics of shape change

global back stresses will develop in the @k, gradually due to climb alone of dislocations has been considered more

slowing down the creep rafé. Since the creep ductilities  broadly by Groves and Kel§# In our case a more special-

of the eutectics are quite modest, we do not expect this backized consideration will be adequate. Thus, considering that

stressto develop fast enough to be of consequence, and ignorthere will be three equivalent pyramidal systems that can con-

it. tribute to the axial strain rate equally, as is explained in the
Appendix A the axial creep strain rate along the bar and
4.2. The creep rate the accompanying radial contractile strain rateare given

respectively as:
Consider a round tensile creep bar of an@d/c-ZrO, _ .
eutectic as sketched Fig. 8 where local axes 1, 2, 3, are & = (2— 3co$ ¢)zo (2a)
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and z oz

_ 3 . [0001]

b= (1- 02 0) 0 (2b) 203

where

€0 = bpmvc 3) AVE

is the main creep rate in the pyramidal system coordinates
without regard to overall volume preservation , which is con-
sidered to result in Eq$2) and (3)(seeAppendix A). Relat-

ing the actual climb-producing tensile stregsto the axial
stresso, and considering the volume-average effect of the
local variation of stress due to the presence of the ¢;ZrO
components by a factaywe have

2
2

01— 0T = éqaz(l — cos“ ) (4) c- 7102

If the mobile dislocation densityy,, of climbing dislocations Gz

at steady state is governed by mutual interactions in a self

adjusting basf¥; i.e. Fig. 9. Sketches of an idealization of the c-Zr@omains as ellipsoidal
cylinders in the topologically continuous AD; component, for the purpose

~ 27'[O'Z 2 2 § 2 of a FEM study of the internal stress distribution in the®@¢ when a tensile
Pm = b q°(1—cos” @) () stresg., is applied.

we have, by finally combining Eq$2), (4), (5) and (6}the

axial steady state creep rate: o _
4.3. Distribution of stresses in the&)z/c-ZrO,

. ( D) (oz >3 ( ,m) (1 - cog $)°(2 — 3cog ¢) eutectics
EZ = A —_— —_ R
b? H kT In(rs/rc)

A very important way in which creep in the eutectics dif-
fers from creep in single crystal sapphire is that in the former

where the stresses are distributed in a complex manner. In addition
5 3 to residual stresses arising from the different thermal expan-

A= _(277)3‘1_ (7a) sions of the two components, the applied stresses result in
3 B complex internal local stress distributions due to different

elastic properties of the AD3 and the c-ZrQ component

and phases. Thus, to develop some necessary understanding of

B = 2/b° = 0.079 (7b) this phenomenon on a broad basis, a linear-elastic FEM anal-
ysiswas carried outin a 2-D plane strain setting of the eutectic

wheres2 is the ionic volume of O in the As lattice andyis in the ordered regions shown Fig. 7. Here the c-Zr@ do-

a factor which relates the local volume average climb stressmains in 2-D are taken as elliptical cylinders occupying a
to the axial stress; as is determined from a FEM analysis  yolume fraction of 0.33. The chosen representative computa-
of the stress distribution in the #D3 phase under an applied  tional volume is indicated in this figure. We have considered
tensile stress as discussed in Sect@(Fig. 9. the c-ZrQ to be always fully relaxed of all shear stresses but
Eq. (7) gives the creep rate due to the climb of quasi- with an unrelaxed appropriate bulk modulus of 83 GPa. This
straight dislocations in a homogeneous stress field. As wejs accomplished operationally in the FEM code for purely
discuss in Sectiod.4 this is not the case in the #Ds/c- elastic behavior by choosing the Young’s modulus of the
ZrO; eutectics where the climbing dislocations need to thread ¢-zrO, as 0.05 MPa and the Poisson’s ratio as 0.4999999.
through the non-deforming c-Zg@lomains acting as disper-  Al| other chosen material constants are listedable 2 In
soids and are required to alternately bow around these do-the broader analysis we considered the aspect ratios of ellip-
mains and be released to straighten out, acting effectively assgidal rodsga/b of c-ZrO; as 1, 3, 4 and 5. Of these results
if straight dislocations were moving through a strongly vary- e present here only the distributions foi> = 3.0 as most
ing internal stress field which willincrease the stress exponentrepresentative. All analyses were limited to the elastic range.
in predictable ways and decrease the actual creegtate.  |n this FEM framework we considered several process simu-
In Sectiond.5we will evaluate the creep model and com- lations: (a) an applied tensile Strm|one; (b) cooling the
pare it with the experimental results. morphology from a stress-free condition at 1875 down
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Table 2
Material properties for linear elastic FEM analysis

Al,O3 c-Zro,

Young's modulus 190 GPa at 140C 0.05MPa at 1400C?
Poisson'’s ratio 0.3 0.4999999
Yield stress 5.0GPa 5.0GPa
Coefficient of thermal expansion@ 1) 9.1x 1076 (a) 99 x 10°% (c)* 129 x 107614

2 These values were chosen in the FEM code result in a negligible shear modulus for  oifain a state of near complete shear relaxation while leaving

the bulk behavior intact.

b These high yield stresses were chosen in the FEM code to guarantee pure elastic response.

to 1400 °C to determine residual stresses and; (c) cooling
as in (b) plus an applied tensile stresssof= 300 MPa. Of

one of glide but climb where is the climb stress. Once the
critical configuration is reached and the climbing dislocation

these, we discuss here only the case of the internal stressurrounds the impenetrable domain and pinches off as shown

distribution under an applied stregs= 300 MPa (since be-
havior is linear-elastic, results for all other stress levels can
be determined by re-scaling).

In Fig. 10a we show the distribution of the Mises devia-
toric stresses for the casegf= 300 MPaand” = 1400°C,
in the AlbO3 region. As expected, the states of stress inside
the ellipsoidal regions of the c-Zglare close to constant.
Fig. 1M gives the more important distribution of the climb
stressr1, parallel to the pyramidal dislocation Burgers vector
at an angle ofp = 57.7° as shown irFig. 8 The volume-
average level of this important climb producing stress was
found to beo; = 2163 MPa which gives the factay to be
0.721. This value appears surprisingly low in view of the as-

in Fig. 11b, the separated dislocation has acquired a definite
cusp where this shape of the dislocation will undergo accel-
erated climb due to the advantageous line tension effects. We
view these required contortions of the dislocations as if they
were the same as positive and negative internal stregges
tarding and then accelerating climb, very much like the corre-
sponding cases of favorable and unfavorable internal stresses
that a glide dislocation needs to go through between disper-
soids. Such problems were treated in great detail by many
investigators, but particularly thoroughly by #8whichillus-
trated that a gliding dislocation (in our case a climbing dislo-
cation) loses more time in the region of adverse internal stress
than the time it gains in moving through regions of favorable

sumed complete relaxation of the deviatoric stresses in theinternal stress. The effect is illustratedrig. 12 where 12a

c-ZrQy, until it is recognized that the c-ZegGstill supports
fully a mean normal stress which limits the stress enhance-
ment in the AbO3 component.

4.4, Effect of internal resistance variations

As stated in Sectiof.2the creep response of thes&ls/c-
ZrO; eutectics differ significantly from the creep behavior in
homogeneous sapphire single crystals studied by Fireston
and Heue? First because of the non-uniform stress distri-
bution in the morphology of AlOs and c-ZrQ discussed
in Section4.3above but even more importantly by the large
perturbations that the climbing dislocations encounter thread-
ing through the isolated and largely non-deforming c-ZrO
domains. Thus, consider the convolutions that a climbing dis-

location has to go through as it threads through the gaps of

the c-Zr@ domains as depicted Fig. 11 First, the climbing
dislocation must squeeze into the gaps between the domain
as depicted irFig. 11a to a critical configuration much like
the Orowan bowing process for non-shearable dispersoids
The peak stress that is required for this configuration to be
achieved is

28 ub
T bA T A

8

Oi

where€ is the dislocation line tension$?/2) and A is the

€

S

shows the sinusoidally varying internal stresand the pre-
vailing climb stressr. The most important consequence of
such deceleration and acceleration of motion is an increase
in the effective stress exponantof the dislocation velocity,
scaled by the ratio afi /o is shown inFig. 12b. A secondary
effectis a factolC = v/v that gives the decrease in the aver-
age dislocation velocity relative to the velocity in unhindered
climb shown inFig. 1, also scaled with the ratio 6f/o. To
assess a measure of the effect we note fr@m7thatin much

of the morphology the inter-domain distandewould ap-
pear to be between 0.3 and Jun. Taking the small dimen-
sion to determine the maximum level of this effect, together
with b = 5.12x 10 1%m andu = E/2(1+ v) = 73GPa’

at 1400 °C we determines; = 125 MPa. This, for an ap-
plied stresg, = 300 MPa, in the range of interest, that would
give a volume average climb stress= go.(1 — cos ¢) of

153 MPa, and a ratiej /o ~ 0.815, Fig. 12b indicates that
the effective stress exponent of the stress in the velocity ex-
pression should increase to neawly= 3 from unity as the
maximum effect. Moreovefig. 12 givesC = v/v = 0.6.

‘Clearly, larger distanced should result in smaller effective

internal stresses while smaller applied stresses should give
increased ratios;/o. The overall net effect will be rather
complex to assess. Here, we consider that under the con-
ditions described the net effect on the overall stress expo-
nent of the creep rate will be to elevate it frem= 3 for the
model presented aboveito= (m + 2) = (25+ 2) =4.5t0

size of the inter-domain gap. Clearly, here the process is notn = (3+ 2) = 5. This consideration and the factGr when
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Fig. 10. Stress distribution results of the FEM study: (a) deviatoric (Mises) stresses in the two components of the eutectic and (b) the disthibatiotbo

stressr in the AL Og3.

incorporated into the creep model of smooth climb given by 4.5. Evaluation of the creep model
Eq. (7) will change it finally to

o aC (2> (cri) (@) (1—co )32 - 3cog ¢)

bZ

kT

We now proceed to evaluate our final creep model of Eq.
(9) and compare it with experimental results. In the com-
parison we will evaluate the expression for both 1400 and
1520 °C. We use the following model parameters and mate-
rial properties:

Itis this expression that we will compare with the experimen-  # = iy = 73GPa at 1400°C and 63.4GPa at 1520
tal results in Sectiod.5.

o ClG
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A B = 2/b°=0.079

F‘_
A = 5(27)%(¢%/B) = 7.85x 107
Climbing Dislocation ¢ =571.7°
rs = 0.5-2.0 um, as estimated from micrographad. 7)
(a) re ~ b

O |

D = 10" cnP/sat 1400°C and 9x 10~ cn?/s at 1520
¢-Zr0,as "dispersoid” °C determined from Oishi and Kingery directly for their poly-
crystalline materi&P for which, parenthetically the activa-
tion energy wag) = 110 kcal/mol, considerably larger than
(b) our value.
Finally, we taken = 4.5 as suggested from our analysis

T~ T in Section4.4 above, and
C =0.6.

The calculated steady state creep rate relations for 1400
(c) and 1520°C are presented iRig. 5 as the broken lines in
comparison with the experimental data.
Fig. 11. Sketch depicting the required contortions that a climbing edge dis- Considering the several uncertainties in the model and

location need to suffer in bowing through the gaps between the 6-2r0 i 41arig| parameters the agreement between model and ex-
domains that we consider to be impenetrable: (a) critical climb configura- . . .
perimental results is pleasing.

tion to bow through the gap between two c-Zr@ispersoids at a spacing
A, (b) at the point when the climbing dislocation is just about to pinch off,
and (c) the cusped dislocation line straightening out under the application of

line tension. 5. Discussion
b=1512x 10—12;“ . The experimental measurements of steady state creep rates
2=106x10"""m* . . in the Al,O3/c-ZrO, eutectic, while few, have given a good
g = 0.721 as determined in Sectidn3 measure of the response of this material in the temperature

1000 :

T T TTT0T

T
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o
=]

-
o

o
o
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o
~
o
(2]
o
[o 2]
-
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o
o
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o
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o
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APPARENT VELOCITY-STRESS EXPONENT, mq
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—
o
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Fig. 12. Consequence of the repeated bowing out and straightening of the climbing dislocation considered as a set of internalaeslstamatesy retarding
and speeding up the climbing dislocation: (a) retardation and speeding up considered as unfavorable and favorable intersiahsthegsesence of a climb
stresss, (b) effect ofoj /o on the overall stress exponentof the dislocation velocity, and (c) effect 6f /o on the attenuation factar on the average climb
velocity (figures reproduced from BP, courtesy of John Wiley & Sons).
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range of interest. Taking account of the possible interactions
of the ¢c-ZrQ phase with the AlOs3 we have developed a

J. Yi et al. / Journal of the European Ceramic Society 25 (2005) 1201-1214

ered. Other possibilities for inelastic behavior such as Coble
creep were discounted because of the apparent general ab-

steady state creep model based on climb of pyramidal edgesence of transverse boundaries in the topologically contin-

dislocations in A$O3 alone. In our model we propose that
the c-ZrQ phase of relatively large size, in the micron range
will most likely undergo nearly complete stress relaxation in
the 1400°C range, resulting in an initial transient creep with
relatively short time constant of roughly 208 €n the other
hand the sub-micron size domains of the c-Zm@ll most
likely be too small to undergo independent deformation pro-
cesses by crystal plasticity and will remain non-deformable
to impede the climb motion of the pyramidal system dislo-
cations in the AJO3 much like dispersoids. The observed

uous AbO3 component and the generally linear stress de-
pendence of creep flow by this mechanism, which if present,
appears to be swamped by dislocation climb flow. Paren-
thetically, it should be quite likely that the encapsulated c-
ZrO, components can undergo stress relaxation entirely by
diffusional Coble flow along its interfaces with the 83
component, butin the absence of transverse grain boundaries
in the Al,Os, that topologically continuous component can
elongate only by dislocation fluxes by climb. Other possible
mechanisms as well as the missing details of the maintenance

creep rate stress exponents in the range of 4-5 are indicativeof climb fluxes of dislocations could come from TEM studies

of this behavior. In this sense it would appear that the eutectic
through its unique morphology should be more creep resis-
tant than sapphire 00[0 0 1]axis orientation. To explore this
comparison we interpret our creep model for application to
sapphire in which the climb motion of the dislocations is ex-
pected to be quasi-smooth. Such a modification would give
a steady state creep expression of

e (B) (G (2)

(1 - co? ¢)°(2 - 3cog ¢)
X
In(rs/7c)

D/
»?

0z

I

us2
kT

(10)

where A’ = §(27)%/p = 2.09 x 10® (for ¢ = 1.0) and I,

the diffusion constant, must be chosen for sapphire single
crystals not having the benefit of diffusion short circuits
along interfaces. From Oishi and Kingé?ywe obtainD’ =
3.5x 10 cm?/s at 1400°C, or a factor of F x 1073
lower than for polycrystalline material or for our eutectic
with a large volume concentration of interfaces. For these
alterations, but for all other factors remaining the same we

determine a steady state creep expression for sapphire crys-(5)

tals of [000 1] orientation at 1400°C which is shown as
the dashed line ifrig. 5 confirming our expectation of a
lower creep resistance in comparison with the@d/c-ZrO,
eutectic.

The creep model we presented is based on the existing
evidence of the measured creep rates, their stress and tem-
perature dependence and on the findings of the earlier work
of Firestone and Heugron single crystal sapphire. How-
ever, the work leaves many unanswered questions. Foremost
among these are the details of the continuance of the all-
important fluxes of climbing dislocations, their origins, their
form of maintenance and the fine structure of cores of dislo-
cations such as details of jogs where the actual climb steps
occur by O ion vacancy emission. Preliminary energetic con-
siderations of dislocation emission from ledges on the ubig-
uitous interfaces or from misfit dislocations along interfaces
have indicated very large energy barriers under the prevailing
local stresses. However, other forms of heterogeneous nucle-
ation of dislocations from interfaces must still be consid-

which are now in progress, and would be reported elsewhere.

6. Conclusions

(1) In the eutectic of AIOs/c-ZrOx(Y203) the majority
phase of A}O3 is topologically continuous, has a nearly
perfect texture of( 0 0 1]parallel to the growth direc-
tion and encapsulates everywhere the minority c2ZrO
phase which itself has a growth texture(@fl 2).

(2) The interfaces separating the phases are well structured
but are incoherent over most of the area.

(3) A large fraction of the c-Zr@phase has a sub-micron
oriented fibrillar or plate-like morphology which often,
but not always, aggregates into colonies. The remaining
fraction, usually surrounding the colonies of oriented
fibrils or platelets is of a coarser, micron size.

(4) Upon first application of stress, transient creep is ob-

served which is attributed to stress relaxation in the

coarser fraction of the c-ZrDThe sub-micron fraction

is considered to be too small to undergo deformation by

crystal plasticity and is expected to be dormant.

In steady state creep, stress changes do not produce ad-

ditional transients within the resolution of stress mea-

surements.

The stress dependence of the steady state creep rate

is of power-law form with an exponent in the range

between 4.5 to 5.0. The activation energy of the creep
rate is 71.1 kcal/mol in the 1400-150@ range and

is attributed to oxygen ion diffusion through thex@ls

and along the interfaces.

(7) Because of the(Q001] texture of the AbOs phase

which must control the overall creep rate for topolog-

ical reasons, the proposed steady state model is based
on the climb of the (13)(1101) dislocations in A$O3

since the latter are sessile in glide.

In the creep model which is a generallization of the

steady state diffusional creep model of Nabdftthe

stress exponents of larger than 3 are attributed to the
necessity of repeated bowing and straightening of the
climbing dislocations in AIO3 as they circumvent the
sub-micron c-Zr@ domains.

(6)

(8)
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(9) The predictions of the creep model, which has no ad- and
justable constants, agree quite well with experimental _ 1
observations. £2= 3= —3f0 (A.3b)

(10) Finally, a mechanistic comparison of the creep resis-
tance of the AdOs/c-ZrOy(Y 203) eutectic with that of
[000 1] sapphire single crystal indicates that the for-

mer appears superior because of the obstructions of the,

dispersoid-like c-ZrQ domains to the the climbing dis-
locations of the AJO3 phase, even though the diffusion
constant of sapphire single crystals is three orders of
magnitude smaller than that of the eutectic.
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Since there are three sets of pyramidal dislocations, all with

equal capacity to contribute to axial strain rate, we take the
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and for some other research expenses was also derived from

the former Quentin Berg Professorship Fund of the Depart- .

ment of Mechanical Engineering, as well as other Depart-
mental funds.

Appendix A. The kinematics of creep strain rate by
climb

As presented in Sectigh?, if a single set of parallel edge
dislocations of density were to climb with a velocityc, a
strain ratezg = bpvc would result in the direction perpendic-
ular to the plane of the climbing dislocations.

Referring now td=ig. 8, consider the coordinate axis set 1,
2,3 of apyramidal glide systemin around bar o§@ where
the 1 axis is parallel to the Burgers vector of the pyramidal

3 .
Er=— <1 -5 cog ¢) €0 (A.5b)
where the dislocation velocity iky is still related to tensile
stresses parallel to the Burgers vectors of the pyramidal dis-
locations. Resolving these tensile stresses to the axial tensile
stresss,, then gives the climb-causing tensile stresses

o1 = go.(1— cos ¢) (A.6)

where the factog, which needs to be determined from a
FEM boundary value problem, refers to the volume average of
the climb producing stress in the A)3 component between
the c-Zr&Q components. This development is discussed in
Section 4.3.

edge dislocations and the 1, 3 pyramidal plane makes an angk??eferences

¢ with respectto the bar axasUnder atensile stress then, a
densityp of dislocations climbing in the 2 direction (positive

edge dislocations in the negative 2 direction and negative edge

dislocations in the positive 2 direction) a creep rajén the

1 direction of would result. However, such climb requires
extension of extra half planes which requires material fluxes
to arrive to the dislocation from all directions and dispersal
of vacancies into all directions, resulting in contractile strain
rateséeic, £2¢, £3c. FOr preservation of volume, it would be
necessary that

€0+ &1c+ &2c +é3c =0 (A1)
and since by symmetry
€1c = &2¢ = €3¢ (A.2)
we have net strain rates
&1 = géo (A.3a)
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