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Abstract

Directionally solidified ceramic eutectics containing alumina as a topologically continuous majority component with, e.g., yttria-stabilized
cubic-zirconia or with YAG as minority components have become of considerable interest as members of a new family of potential high
temperature structural materials. The attractive creep resistance of such eutectics in fiber-form is based on their remarkabI 1ight [
texture of the alumina component in which neither the basal plane nor the prism plane can be activated to result in glide that can extend the
eutectic by creep in tension. Under such conditions creep in such eutectics must be governed by climb o(lﬂé.‘ﬁ]dﬂge dislocations
out of either the (120) prism plane or the (102) pyramidal plane.

To develop better understanding of the core structure of these dislocations and their potential role in the creep resistance of the alumina
component in eutectics with tigh® D 0 1] textures, a molecular dynamics (MD) simulation was carried out of the comparative core structures
of both the (1/3()2110) basal edge dislocations and the (;Il&))]) pyramidal edge dislocations on thel(R) plane in sapphire. The MD
simulation revealed that the equilibrium structure of the core of the pyramidal edge dislocations undergo a dissociation into two half strength
partial edge dislocations displaced vertically out of the best glide plane of cation holes with weak covalent bonding and possible fair glide
resistance into two adjacent pyramidal planes of very strong covalent bonding, and consequent, very high glide resistance. While this explains
the immobility in glide of such dislocations on the pyramidal system, no important structural impediment was found for their climb motion
out of the pyramidal planes.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction grain boundary diffusion and slidirfgln comparison, sin-
gle crystal sapphire fibers afaxis orientation which keep
In the quest for materials development for more efficient the principal basal and prismatic slip and twinning systems
power systems capable of operating at higher temperaturesunstressed exhibit excellent creep resistance up to 4680
it becomes necessary to go beyond the present superalloygut still suffer from inadequate fracture toughnésa/hile
and intermetallic compounds, which “plateau-out” at around yse of such fibers in composites with fine grain alumina ma-
1000°C, to consider oxides, nitrides, carbides and thelike. trices where the fibers are protected from interface damage by
These, however, are all intrinsically britdyave low fracture various coatings show promigé the introduction of a fam-
toughness in monolithic forfand at least in polycrystalline jly of directionally solidified ceramic eutectics offer greater
form usually suffer from excessive diffusional creep due to potential. These with well structured sub-micron scale mor-
phology of, e.g., yttria-stabilized cubic zirconia in a topo-
- logically continuous alumina component have demonstrated
* Corre.sponding author. Tgl.: +1 617 253 2217; fax: +1 617 258 8742. great promise for both excellent creep resistance and some
| E-mail addressargon@mit.edu (A.S. Argon). reasonable fracture toughnésas with monolithic sapphire
Visiting NATO fellow. This author is on leave from the Department of . . . . .
having ac-axis orientation, the key to the creep resistance of

Mechanical Engineering, Istanbul Technical Universityn@ssuyu 80191, ’ ’ ) i :
Istanbul, Turkey. these eutectic ceramics lies with the nearly peréegtis tex-
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ture of their topologically continuous alumina compon¥ht,  formed in the Parinello and Rahm&tonstant stress condi-
which in tension again renders the best basal and prismatictions at zero external pressure. The final structures of interest
slip and twinning systems unstressed. The present best eviwere those at temperatures close to 0K, but actual structural
denceindicatesthatthese eutectics creepinthe 1400=C800 relaxations were usually performed at an elevated tempera-
range entirely through the diffusion-controlled climb motion ture (1000 K) followed by step-wise reduction of temperature
of both the pyramidal and prism system edge dislocations to obtain stable structures at low temperatures. Equilibrated
in the well textured alumina componetit!2 Such disloca- atomic structures were graphically viewed by the Atom Eye
tions which are surmised to have exceedingly high glide resis- Software'®

tances should, however, experience no important restriction
to climb. Here we report on the results of a new molecular
dynamics (MD) study of the core structure of the (113)01)
edge dislocations on tH&102} pyramidal planes to develop
better insight into their diffusion controlled climb that is the
central mechanism of creep in the alumina component of the
Al,0Os/c-ZrO, directionally solidified eutectics. In the course
of the study we have also developed similar information for
the (1/3)2110) edge dislocation on the base plane which we
also present.

2.2. Structure of sapphire

The standard reference for the idealized structure-of
Al,Os is that of Kronberd’ which describes the hexagonal
structure as alternating layers of O ions inABA - - - stack-
ing with intervening layers of Al ions, which occupy two
thirds of the interstitial sites of the O ion layers but have
an---abcabg- - stacking. The real structure of AD3 de-
termined first by Pauling and HendridRdiffers from the
idealized one in an important way in which the intervening
Al ions in the cation layers are alternately attracted closer to
one or the other neighboring O layers where they produce
small alternating local expansions of the anion interstitial
sites. The one third of the vacant Al sites in the cation layers
present the lowest identity translation that define the Burgers
vectors of the perfect dislocations. The real ion positions have

computer codé® which is in the public domain. The b : .
. . ' een experimentally verified by XRD by Newnham and de
MOLDY code is capable of dealing with both the short range Haan?® 'Fhe importf;/nce of the E/eal ion c)(/)ordinates in defin-

covglgntmtergctlons b(_atween ionsandthelong range electro—ing crystallographic slip and twinning processesvil 203
static interactions required for D3 The short range interac- has been recently emphasized by Bilde-Sorensor8taid
tions are described by a pair potential functiby, between by Heuer et af?

atom pairs andj, separated by a radius vectgrof the form

referred to as a Buckingham potential

2. Computational details
2.1. The MOLDY computer code

The MD computations were performed with the MOLDY

A 2.3. Choice of simulation cells
ij:__l ij — i) . . . . . .
& & + Bij exp(—Cyjrij) 1)

Tij Fig. 1 shows the idealized cation sub-lattice that iden-
tifies the three principal slip systems in_thez% struc-
ture: the basal system oD(Q01)(1/3J2110); the prism
systems 0f{1120}(1/3)(1101) and the pyramidal system

The coefficientsA, B and C have specific values for the
0O-0, Al-Al and Al-O pairwise interactions. The values of

these coefficients, determined from ab initio calculatiéns . .
are given inTable 1 together with their appropriate ionic {1102/(1/3)(1103. The lattice parameters given by Newn-

o , . , pam and de Hadfl were adopted for the simulations. They
charges. The electrostatic interactions are handled in ClaSSICaare' a=47589 and c=12 991A where the latter is the
Ewald sum techniques. e T

In the computations periodic boundary conditions were Iength of the s_tructural unit celf as given _byFlg._l of the
; ; . ; cation sub-lattice. For the computational simulation there are
used for the simulation cells, which were in all cases chosen

to be of rectangular prismatic shape. The crystallographic ge_clear advantages in choosing cells that have rectangular pris-

. . . , matic shapes. The two cells chosen for the simulations of
ometry for the simulation of dislocations on the base planes the basal dislocation (1/®EO and the pvramidal disloca-
and pyramidal planes required different simulation cells, = ) Py

. ; : . : ' tion (1/3)1101) are identified inFig. 2 which shows a top
which will be introduced later. The simulations were per view of the (000 1pase plane where the close-packed layer

Table 1 of O ions are identified as the large open circles. The small
CoefficientsA, B andC of the Buckingham pair potential function for black circles occupying two thirds of the interstitial sites im-
Al,03 and the appropriate electronic charges of ions used in theétudy mediately above the O layer represent the Al ions while the
Pair A(eVAS) B (eV) cAY small open circles occupying the remaining one third of the
0-0 049 43563 27724 interstitial sites represent the vacant Al sites or “holes”. The
O-Al 0.00 359694 42283 positioning of these cation holes prescribes the three possible
Al-Al 675.70 983051 34638 Burgers vectorg\;, A; andAgz of the perfect dislocations in

Oxygen charge=1.50 (e); aluminum charge: 2.25 (e). the base plane.
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@ |- O— — e Fig. 2. Theidealized arrangement of ions viewing the base plane from above
@ (] L [0001]. The large open circles represent an underlying layer of oxygen
0/\ © \ () )‘ anions; the empty interstitial sites are occupied by the oxygen anion layer
! “ ] : immediately above; the small filled circles represent aluminum cations (in

the real crystal these do not lie in a single plane but are alternately associated

closer to one or the other nearest oxygen layers where they produce in-plane

distortions); the empty small circles represent aluminum holes which specify

L the scale of perfect dislocation Burgers vectors. The reference rectangle
- ABCD represents the base plane of the simulation cell for the base plane

ﬁ edge dislocation, while the rectangle AZC represents a symmetry plane

in the simulation cell for the pyramidal edge dislocation (after KronBérg,

courtesy of Pergamon Press).

| also three-layers-thick. Theandy axes of the front faces of

_ ' this second simulation cell were chosen parallel to1€1)
‘\9\ direction and the direction normal to thel(12) plane, respec-
tively, as will be clarified below when that simulation will be
discussed in detail.

- ( [
lllﬂg_é_ o — @=|= [1100]
[ziio]*:‘ \ *[izio] 3. Results
(e 1 == 2o [orio) 3.1. Preparatory simulations
b,//z<2110>
3 3.1.1. The perfect crystal

Fig. 1. The cation sub-lattice of sapphire showing the three prominent slip Prior t0 SImUIatlons“ of Sp?C,I,fIC dISIO_CE?ltlon cores .the
systems: in the basal planes (long dashed); in the prism planes (intermediate_'VIOLDY program was “tuned-in” by verifying .the Stab"'_
dashed); and the pyramidal planes (short dashed). ity of the perfect crystal structure of sapphire. For this

purpose the idealized ion coordinates given by Kronberg

were introduced into the perfect simulation cell for base

The rectangle ABCD iffrig. 2represents the basal geome- plane dislocations and the structure was equilibrated by

try of the simulation cell chosen for the base plane dislocation a MOLDY run to obtain the real ion coordinates avail-
where the [010] direction is chosen to be parallel to the able in the literature and the cohesive energy density
axis of the simulation cell of two layer thickness, The front of the crystal. The resulting cohesive energy at nearly
faces of the cell consisting of tH@110} planes containthe 0K was found to beF=-96.497 eV/AbO3 unit. The
x-axis parallel to{2110 direction and the-axis parallel to corresponding structural unit cell parameters of the per-
the [0 00 1]direction. A second rectangle’8C represents  fect crystal are given inTable 2 where they are com-
the geometry of the simulation cell for the pyramidal dislo- pared with some other published results. The agreement
cation, which had its across-the-thicknestirection parallel with results of other simulations and with experiments is
to the [L210] direction of the lattice. This simulation cellwas good.
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Table 2 To prevent formation of troubling artifacts certain con-
Structural unit cell parameters afAl20; ditions have to be satisfied. First, the dislocation must be
ad) ¢ cla Source and method introduced into the perfect lattice with correct real ionic co-
47929 12.8333 2.678 Present study ordinates at a symmetry plane half way between two adjacent
4.7995 12.9374 2.696 Gale et'di(Buckingham potential) anion layers and between the puckered cation layers associ-
4721 12882 2729 Marinopoulos and@8ser? (density ated with the anion layers around them, as has been most re-
4733 12498  2.641 funMC;r?:c?;lnﬁcth;rzdﬁse@ shellmodely  CeNtly emphasized by Bilde-Sorensen etab avoid charge
47589 12991 273  Newnham and de HAexperimental) imbalances. Second, dislocations must be introduced into the

simulation cell as a set of dipoles with dislocation lines par-
allel to the shorg-axis direction, [@10] of the cell to prevent
3.1.2. Vacancy energies formation of troublesome lattice curvatures. The procedure
In a further preparatory testing of the capabilities of the for this has been clarified by Cai et&lwhere the dipole is to
MOLDY code the anion and cation vacancies were stud- pe placed in a configuration of an energy minimum, with the
ied. For this purpose separate studies were performed bypair of dislocations roughly at 4%ngles relative to their slip
removing an oxygen ion and an aluminum ion from the plane with the precise angle dependent on the conditions of
perfect crystal lattice followed by re-equilibration via a the anisotropic elasticity solution for the strain fiéi&his
MOLDY simulation run. For both cases decreases in the vol- condition is not too critical since the capabilities in energy
ume relative to the perfect crystal were found which were mjinimization of the MOLDY code will re-position the dis-
(AR2/R2)g = —2.247x 10~* for the oxygen vacancy and |ocation within the range permitted, governed by the lattice
(A2/2)n = —1.623x 10 3forthe aluminumvacancyrel-  resistance). The periodic boundary conditions used irte
ative to the initial perfect crystal. Clearly, these decreases plane will generate an effective infinite dipole lattice of dis-
in volume fOIIOWing the relaxations of the entire simulation locations. Even in this case, however’ the interaction energy
cell under constant pressure indicate a collective local rear-petween adjacent dipoles needs to be reduced to a minimum
rangement of neighboring ions next to the ion that has beenpy choosing the aspect ratio of the simulation cell inxhe
removed rather than the partial collapse of a spherical cavity plane correctly. The procedure for this, at least for isotropic
in a continuum. The first order conventional thinking would elasticity, is well establishef.
have given an expectation of a slight volume expansioninan  wjth the above provisos a dipole of edge dislocations was
ionic solid where the removal of an ion with a given charge introduced into the perfect crystal cefiig. 3a shows the ini-
would resultin a local electrostatic repulsi%”nThe fact that tial atom Conﬁgurations around the core of the positive edge
this was notthe case indicates the dominance of local covalentgjsjocation of the pair. Lines drawn through cation planes de-
interactions in A4Os3 over electrostatic interactions. lineate the core of the introduced dislocati&ig. 30 shows
The corresponding vacancy formation energies were the core of this positive edge dislocation after it has been
found to behy =6.071eV andhf =1525eV for the  equilibrated by a MOLDY run. Examination of the lower left
oxygen and aluminum ions, respectively. These are to behand corner of the figure, considerably away from the dis-
contrasted with the oxygen vacancy formation energies deter-torted core region of the dislocation, shows some features of
mined by Xu et af® by ab initio computations of 5.83eVand  the real ApO; lattice ion positions. Two rows of anions and
the additive coloration experiments by Lee and Crawfbad cations are visible in a somewhat overlapped position. The
6.1 eV. No similar information was found for the Al vacancy smaller cations that appear on top of each other are actua”y
in the literature. Based on the reasonably good agreemenfgisplaced in the-direction and represent clearly the puckered
with other determinations for the oxygen vacancy we take nature of their placement in tlyedirection, being alternately
our findings as acceptable even though our determination vi- more closely associated with one or the other adjacent anion
olated certain conditions of preserving charge neutrality, re- |ayers. Further examination of the placement of the two ad-
quiring the placement of the removed ions from the interior jacent anion rows in the-direction shows also the resulting

to a surface ledge sifé. puckered distortions in the-zplane of the anions away from
their ideal hexagonal arrangement, discussed in many struc-
3.2. Edge dislocation on the base plane tural studies®21 The length of the arrow iffig. 3a repre-
sents the length of the Burgers vector of the edge dislocation,
3.2.1. Core structure and line energy b=4.7A.

While the core structure of the pyramidal edge disloca- The line energy of the basal plane dislocation deter-
tion was of primary interest in view of its role in creep of mined in the study was 10.3 efx(llength, as half of the
sapphire and the directionally solidified #&3/c-ZrO, eu- energy of the dipole in a characteristic simulation cell of
tectics, we have determined first the structure of the core of 1.9447x 1016 m? area in the-y plane and amounts to a very
the basal plane edge dislocation. This structure was studiedarge dislocation density of 1.0310'% m~—2. To be meaning-
in the simulation cell with the ABCD rectangular crystallo- ful for a realistic case this energy needs to be scaled up to that
graphic geometry outlined ifig. 2, having itsz-direction of a more reasonable dislocation density such &€ ho?
parallel to the [@10] direction. that is likely to be representative of a creeping solid. This
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Fig. 3. (a) The initial atomic configuration of a positive edge dislocation placed®0 & {)base plane (along the horizontal dotted line) with a Burgers vector
parallel to the 2110] direction into a perfect real crystal. The distorted vertical contours delineate the core region of the unrelaxed dislocation. (b) The core of
the same dislocation after relaxation of the crystal with a MOLDY run, showing a central feature of the relaxation near the core where the exbie half dou
sheet of atoms is no longer terminated on the initial base plane but is divided up into two partial edges with extra half planes terminating ontévbasapara
planes. Comparison of the two arrangements of the cations around the core between (a) and (b) also shows considerable tighter ionic order in the latter

requires an increase by a factor of 2.8 Ftss = 29.56 eVA translation is indicated on the gamma surfacé-f. 4 as

length for the line energy, for elastic constants characteristic AB + BA” with an intervening fault, which is an unsymmet-

of those at 0 K. rical electrostatic fault’ of quite large energy of 0.49 eX?
(=7.84J/m) suggesting that no such dissociation is
likely.

3.2.2. Gamma surfaces and mobility

The mobility of a dislocation in its plane depends on the
lattice resistance in that plane which opposes it. In close-
packed planes where the dislocation can reduce its line energyl = 1= 1= 1= 1—
by undergoing dissociations into partial dislocations sepa- 5[2110]_> 5[2110]+ 5[1210]+ 5[2110]+ 5[1120]
rated by stacking faults, the lattice resistance can be sub- )
stantially reduced. Such dissociations of basal dislocations in
sapphire have received consideration since Kronbeff:23
While the mobility of a dissociated dislocation, particularly
with the complex features of AD3 requires more detailed
considerations the possibility of intermediate energy minima
in building up the total Burgers displacement in a plane by 1.5
partials can be gleaned from the gamma surface topogra-
phy obtained by imposing rigid body translations across the

Another four-fold dissociation that had also been consid-
ered is:

which is indicated on the gamma surface topography
of Fig. 4 as AC+CB+BD+DA. In this dissociation a

2

1

plane3® Such agamma surface topography for the basal plane . 95

is shown inFig. 4. Sites A and Aindicate interstitial sites in < o

the oxygen sub-lattice framework of an underlying layer of N

oxygen ions. These interstitial sites are occupied by the oxy- B

gen ions of the layer above. The vector A-@orresponds -1F

to a Burgers displacement of a perfect identity translation of .

the upper layer of oxygen ions over the underlying one. This 7, ‘

Burgers vector has a length of 4 A5Two separate forms of T -2

dissociation into glide partials were considered by Kronberg

and otherg” The first of these is: A A

1-[5110] N }[I100]+ }[I010] 2) Fig.4. The gammasurface of arepresentative portion of the base plane where
3 3 3 the equi-potential contours represent potential energy levels opposing rigid

. . . _ body shear translation across the plane, in units oh8VIwo separate paths
where the dissociation involves two Shockley type partial dis- of possible shear from A to Aare shown that is discussed in the text, both

locations separated by a planar fault. This form of a two-step with rather high resistive barriers.
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translation to AC produces a very high-energy stacking 3.3. The pyramidal edge dislocation

fault with energy 1.16 e\&2 (=18.5 J/m) while the trans-

lation CB again positions the upper oxygen layer into Toviewthe geometry of the core of the pyramidal edge dis-
an unsymmetrical electrostatic fault of energy discussed location simulation cells with EFGH type rectangular struc-
above. The further translation to BD again produces a tural symmetry in the thickness directiafy//[1210]) were
stacking fault of the same high-energy of 1.16A%/ rotated around theaxis to obtain a crystallographic cell with
Finally, the fourth translation of DArestores full or- a front surface bound by the pyramidal plane}2pand a
der. Clearly, this dissociation is even more unfavorable plane perpendicular to tha(11] directionFig. 5a shows a
than the first and should not occur. Parenthetically, we position of this cell in the perfect crystal, being viewed in the

note that an alternative path of AC+CBB'D'+D'A’ [1210] direction.

would involve a symmetrical electrostatic fault of The lower edge of the cell is parallel to the pyramidal
exceedingly high-energy that would be completely (1012) plane viewed edge-on. The slanted diagonal rows out-
impossiblet’ line the nearly close-packed basal layers of oxygen ions that

From these energetic arguments and the very narrow coreare divided up into packets of three, separated by th&2JL0
shown inFig. 3b we must conclude that no such glide dis- pyramidal planes of cation holes. These potential pyramidal
sociation can occur. Indeed there has been no experimentaslip planes that contain only cation holes are designated as
evidence for these dissociations. While we recognize that thetype “0” across which the bonding must be largely ionic. The
levels of energy in the gamma surface plofdj. 4as deter- two other potential pyramidal slip planes separating the three
mined by the MOLDY computer code are likely to be quite planes of anions in the packets are designated as type “1”,
inaccurate, these levels of energy are such that the final con-across which bonding must be both of covalent and ionic
clusion will remain valid. nature. The character of the different bonding across these

Actually, examination of the atom positions in the relaxed two types of planes holds the key to the expected very high
core observable ifig. 3b shows clear reconstruction of the glide resistance of the pyramidal systefig. 6a and b show
core in a direction out of the-z plane, above and below the that respective gamma surface of “0” and “1” type planes.
base plane in the form of two partial edge dislocations with The contours designate again the potential energy changes in
extra half planes terminating on adjaceéh®(0 1)planes, with units of eVA2 experienced by the relative translation starting
a clear core energy reduction. What effect this would have on from the lower left hand corner in the diagram and proceeding
the lattice resistance is unclear. in either thex [1011] direction or thg[1210] direction or, in
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Fig. 5. The [TZIO] view of the atomic positions in the simulation cell: (a) the positions of anions and cations in equilibrium in the perfect crystal; the bar
represents the length of the pyramidal dislocation Burgers véctd.12A; (b) the positions of anions and cations near a positive edge dislocation core
introduced on a “0” pyramidal plane; (c) the positions of the O ions in the anion sub-lattice around the relaxed dislocation core; (d) the pd=itidhisnst

in the cation sub-lattice around the relaxed dislocation core.
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Again this energy in the dipole lattice corresponds to a
very high dislocation density of =5.35x 106, To relate it
to a more representative steady state dislocation density of
1.1x 102 encountered in creep experimehi a stress of
135 MPa, the energy must be scaled up by a factor of about
3.10 or toFp = 17.0eVA. We note that this energy is only
0.53 of the line energy of the (1/2110) basal dislocation
in spite of the fact that the pyramidal edge dislocation has a
Burgers vector that is 1.078 times longer than the base plane
Burgers vector of 4.78. This requires that to first order con-
siderations the shear modulus across the pyramidal plane in
the Burgers vector direction would be correspondingly lower
than that of the base plane. A standard coordinate axis trans-
formation gave indeed that the rafig/u of the shear mod-
uli of the pyramidal plane to the base plane was 0.7 giving
(11b?)p/(1b?)p, and considerably closer to unity, with the re-
maining difference, no doubt being attributable to the more
complex dependence of the line energies on other anisotropic
components of the elastic compliance tengag. 5c and d
show that in the relaxed equilibrium form the core of the
pyramidal dislocation had undergone an important alteration.
Instead of the termination of the pair of extra half planes re-
maining on the type “0” pyramidal plane of cation holes the
dislocation core had undergone a dissociation into two partial
edge dislocations of half strength which have been displaced
vertically into two adjacent type “1” pyramidal planes. How-
ever, according to the gamma surface topograpHyigfeb
(b) X ) the type “1” planes should be quite unfavorable to any glide
mobility of these dislocations due to the strong combined co-
Fig. 6. The gamma surface of potential energies in unitd@Vassociated valent and ionic bonding across them, unlike the “0” plane
with rigid body shear translation across the pyramidal planes: (a) across which should have only weak bonding across it. Since the
the “0” planesf of.catio_n holes; (b) across the “1” planes having both strong o extra half planes arecom posed of both anions and cations
covalent and fonic resistances. the dissociation and rearrangements in the core are complex.
any arbitrary combination. IRig. 6a they-surface contours  They are viewed best in the individual anion and cation lat-
for plane “0” indicate a relatively low energy path close to tices ofFig. 5c and d. In the anion lattice &fig. 5c, the pair
thex [1011] direction parallel to the actual Burgers vector of of O ions designated as “A” have descended from the site in-
shear translation. In comparison the gamma surface contourslicated as “B”. This has relieved both the high compressive
of Fig. 6b show no comparatively easy passage on the “1” stresses at the immediate termination of the pair of extra half
planes in the1011] direction. planes of the unrelaxed configuration and has also reduced
Based on the more favorable conditions presented throughthe high tensile stresses on the opposite side. Correspond-
the gamma surfaces a dislocation was introduced into theingly, a different but energetically similar rearrangement has
perfect lattice ofFig. 5a in the same procedure outlined in  occurred in the cation sub-lattice showrHig. 5d, where Al
Section3.2.1for the basal dislocation. Here the procedure ions “A’ and “B” that must have had positions “A—B” (from
consisted of the introduction of an edge dislocation dipole left to right) at the terminus of the pair of extra half planes
with dislocations positioned at nearly 4gelative to thex—y have undergone a counter clockwise shuffle, placing ion “A”
system of axes of the simulation cell. The atomic surround- below the “0” plane and thereby permitting ion “B” to move
ing of a positive edge dislocation with its (1(3P11) Burgers toward the left. In both cases the new positions of ions “A’
vector lying in the “0” type plane as introduced prior to relax- and “B” have accomplished the same function of relieving
ation of the local environment by a MOLDY run is shown in  the large tensile and compressive stresses of the termination
Fig. Bb. To obtain the final core structure in the relaxed state of the two extra half layers by effectively “feathering-in” the
and its energy, a special procedure consisting of equilibration blunt wedge into a sharper, better fitting one. Thus, while the
at 1000°C followed by “slow annealing” was adopted. The configuration of the initial unrelaxed state [ify. 5o is arti-
final core structures, which are best viewed in the separateficial and its energy is not effectively determinable by MD,
anion and cation sub-lattices are presentellign 5c and d, the energy of the final relaxed configurationki§. 5c and
respectively. The final line energy of the relaxed pyramidal d must represent a substantial improvement in the core en-
edge dislocation was found to 5§ = 5.4633 eV/A length. ergy. We note an interesting parallel with the case of the LI
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type ordered alloys such as 94, where the super dislo- near 10 GPa—an impossible condition to satisfy. Thus, the
cations on the principa]1 11} glide planes can undergo a pyramidal edge dislocation must indeed be tightly bound to
thermally activated cross slip in{® 1 0} cube planes where  the lattice and cannot glide.
the energy of the dislocations is substantially reduced dueto  We must conclude, then that creep in the eutectics will
reductions in the antiphase boundary energy on those planeshave to be entirely by the climb of the pyramidal and pos-
This, however, drastically reduces the mobility of the dislo- sibly also the prism plane edge dislocations. Theoretical
cation in the{0 1 0} plane3! As noted above, in the relaxed models for such creep can readily be developed by a vari-
configuration of the dislocation core with its vertical disso- ant of a model presented by Firestone and Héuguch a
ciation and placement of the two partial dislocations in type creep model together with associated creep experiments on
“1” pyramidal planes, itis clear that these dislocations willbe the eutectic of AlOs/c-ZrO, is presented in a companion
essentially immobile for glide. However, the structural alter- communication:? The only remaining question is the source
ations in the cores of the pyramidal dislocations should have of and the structure of jogs on the pyramidal dislocations
little influence on their climb motion. where the actual climb steps take place. Energetic arguments
similar to the one given above for the thermally activated glide
indicate that jogs that are expected to be complex cannot be
4. Discussion generated by thermal fluctuations at any meaningful rate, but
must be produced from nodes in the climbing network of
Ofthe core structures of the base plane dislocation and thedislocationst2
pyramidal dislocation the latter is of primary interest from
the point of view of creep in the AD3 component of the
directionally solidified ApOs—ZrO, eutectics where this
component has aremarkably tig@tJ 0 1] growth t&ture that
renders all but the pyramidal slip system unstressed. More-
over, the findings of Sectio®.3 indicate that the pyramidal
dislocation should be incapable to glide by virtue of its core
restructuring. In connection with the sessile core configu-
ration of Fig. 5c and d a reerse thermally activated pro-
cess might be considered in which glide on the “0” planes
becomes possible if thermal fluctuations can momentarily
reverse the dissociation of the core and place both partial dis-
locations back together into the type “0” plane where short
steps of advancement might become possible before the dis-
location core again relaxes to its trapped from of lower core References
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