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v THE KINETICS OF SELF DIFFUSION AND DISLOCATION GLIDE

IN MAGNESIUM OXIDE '

Jagdish Narayan
Inorganic Materlals Research Division, Lawrence Berkeley Laboratory and
Department of Materials Science and Engineering, College of Engineering;

University of California, Berkeley, Callfornla
ABSTRACT . ‘f" /
Annealing mechanisms for damage caused by plastic deformation have

been studied. Ihis work involved'the development;of techniques for
examination of the same area of a plastically deformed thin foil in an

electron microscope under identical diffractionvcoﬁditions before and

after annealing at high temperatures (> 850°C). Below about 1300°C

~self climb. was found to be the primary mechanism for coarsening of the

dislocation loops that result\from breaking ofvdielocation dipoles.
Abovevaoout/l300°c bulk diffusion becomes importaﬁt'ae‘most of fhe close
pairs here'eoalesced to form more isolated singieiloops. Isolated loope
always shrink or grow by bulk diffusion. Prismatdc,slip along %-(101)
directions oceurs whenever sources of interactionv(surfaceé of the foil,
nearby dislocations) are close. ‘Frequently annihilationrof’a vacancy loop
by contact’with en interstitiel loop after slipping along glide cylinders
that are a% 90° to each other, has been observed.. Sometimes mobile screw
disloeefiohs cut dislocation loopsvand there is rapid annihilation by .
pipe diffusion to the foil surfaces. |

Quanfitative measurements were made of self climb and climb of
%:(1015 edge dielocation loops. The rate of motion of loops was studied
by repeated,observation of the same areas of a thin foil during a series

of annealing treatments at different temperaturesv(1080°c to 1250°C).
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A valueiefeGO,BOO + 3,560 cal/mole for the acti&efien energy fer‘pipe.
diffusieﬁaend (7.5 + 4.3) x 10—18 cmh/sec for fhefgre—exponential term
DgaP wefeiebtained; ' .T; Q, ‘ o ‘ .
The;fate of shrinkage of dislocation loope;'ﬁhich were near the

centerfefvﬁhe foil and relatively isolated from.eﬁﬁer loops, was meas-
ured iﬁwfﬁé range of temperature 1080°C to lh27°é;: A value of
110,000 £v¥,2OO cal/mole for activation energy;fofebulk diffusion and
(1-371if0:26) X 10*2 Cm2/sec for D0 were obtaiﬁed.in the temperatﬁre range
v1080°C:£o lh27 C for MgO of impurity content A Oéher specimeﬂ of
1mpur1ty level” B behaved like A-MgO below l300°C however above l300°

the value.of activation energy for bulk dlffus;gn reduced to 63,600 *
l,SOO‘ca@/mole. This we have explained in terﬁseof oxygen ion mobility
and aﬁviﬁPQrity centrolled diffusion mechanismb"Above about l300°C iﬂ
B-MgO moﬁOQalent cationic impurities (Na+, Cu s K etc ) and/or anionic
impuri£;ee_with more than two Velency (N . etc ) become active and seem
to.dominate ﬁhe concentrétion of vacencies. Below‘thls temperature
either fhe‘precipitation of impurities (Na+,»K+;‘e£c() and/or the
transitioﬁv0u+v+‘% o~ - Cu++ occurs and only tﬁe_equiliﬁrium number of
vaeancies}take part in the diffusion meehanism;ei |

Quantifative measurements of siip were medevfor dislocation loops of

various sizes and the Peierls‘stress was found £bfdecrease with the in-
crease in ‘the size of the loop. | ‘
Theekinetics of annealing out of loops, euteﬂy the surface. of a thin

foil was also studied. The loops annealed out much faster than those'not

cut bY‘a;surface,vby slip, pipe diffusion and surface diffusion.
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~ upon thevséparétion of the two edge dislocations comprising the dipole.

©le

I. INTRODUCTION
When magnesium oxide is plastically deformed (bending), most of the
damage is introduced ‘in the form of dislocation dipoles. A brief de-

scription of the mechanism of dislocation dipole‘formation follows:

‘moving screw disiocgtions acquire jogs of both kinds during motion, this

results in formation of édge disloéation dipoles trailing behind, many

of the dipoles are terminated becomihg elongated closed loops by the
mechanism described by Washburn;l Recently good ele¢tron microscope
evidence of this mechanism has been Obtained by Naréyan and.Washbur.n.2
Evidence for coliision and rearrangemenﬁ_mechanisms of diﬁole formation
described.by,Ogawa3 have also been oﬁsefved. Aé the plastically de-
}formed cryétéls are heated to éuccessively hiéher annealing temperatures,

the'dipoles start breaking up into strings of small circular prismatic

dislocation loops. First to break up are the dipbles'of smallest spacing.

Thevbreakingnup into circular ioops starts at as low-aé 850°C, depending

3,k

As the time and temperaturé of annealing is increased dipdles of larger

. spacing start breaking up.h ‘As the time and temperature of annealing is

' increased further, loop coarsening takes place. These big loops then

anneal'out by bulk diffusion and/or prismatic slip5 to the foil surfaces.

‘Up to now the exact mechanisms of annealing out dipoles were not

'élear because thin foils for transmission electron microscopy were ob-
-tained from different bulk samples, annealed at different temperatures
for various amounts of time. To investigate the mechanisms of annealing‘ v

~ in more deﬁaii'it is necessary to photograph the same area of a thin

foil after various annealing treatments. Since for ig;situ'heating it
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was difficult to'attain:a temperéture of 850°C and aboVe,.a techhique.
df annéaling thin foils ottside the eléétron microééope ﬁas developed.
The temperature of annealing ﬁas.controlied better'than,i3°b, which

is not possible in any hdt_stagé.(in—situ) annealipg., The same area
Waé photographed after éach annealing treatﬁent takiﬁg cafe té reproduce
identiéal diffféctiqn cbnditions.

Our éﬁperiments'showed thatvafter the initialvstages of breaking of
dipoles, many_péifs of the,réSulting‘c0planar‘groupsvof loobs started
moving'cioséfftogéther by“self:climb-during éhnealing_when'the.éepafétion
was small énough for'a‘stfong.interaction, Up to about 1300°C, self
' climbbwas.thé ﬁriméry meéhanism éf loopICOaréenihg. After'most_of tﬁevloop
pairs sﬁitaﬁlevfof self climb have coalesced to.form singlé loops,:bulk
diffusion becomes the pfedémiﬁant méchaniém of coarsening. Prismatic
slip and pipé diffusion_along dislocations connécted‘tq surfaces of the‘
foil and thé loops inside the foil were also important. Quantitative
meésurements havé been made in éach case to determine the activation
'.:eneféy and to helpitb‘confirm the diffﬁsion mechanisﬁ.. For convenience,
the results have been preseﬁted‘in thfee éections: pipe diffusion,; bulk
diffusion;Fand prismatic»élip.v

A. Pipe Diffusion

- Self climb of avcéplanérvprismatic edge diSlqcation loop %j(lOI)

. takes‘placetby fipeidiffusion along the éoré of ahtedge'disiocétion;
"Pipe diffusion'along a_sérew dislécation hés alreédy_béen reported.h In
‘the latter case a dislocation loop %4(101) inside the.foil,_wés éon- -
nectea tétboth surfgpes ofltheffoil by a screw disloqation,pf same b=

vector.
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Self éiimb of dislocation loops différs from the usual non-
conservative growth or.shrinkage in the sense thét thé total area of.
the loop projectéd perpéndicular to its Burgers Veéﬁor’remains unchanged
and climb d¢Curs by migratibn of afoms along the easiest path, i;e., the
core of the diélééation. This tipé of élimb was fifst prbposed by
Johnson6'in.ordér‘to explain observations of vacancy'loop coarsening
on annealing bulk samples.éf,quenéhed aluminum. Unfortunately in his
numericalbénalysis of pipe”diffusion; Johnson neglected the dri&ing force

T

term. At approximately the same time Price durihg electron microscopy

~ of deformed zinc, observed that the prismatic dislocation loops moved

due to intéractions with a nearby edge dilecétion; while remaining on
the same basal plane layer. During this motion the area<§f the loop"
perpéndicularvtovits bevéctof’was unchanged. Theoretical‘treatment of
these observationsrwas given by Krpupa and Price.

In self-climb, the driving force for pipe diffﬁéion arises from two

sources. The first is due to interaction with neighboring loops9’lo’ll

or sﬁrfaceé of.the foil12 or nearby dislocations;Y _ThiS‘gives rise to
differences in concentration of vacancies around thé loop (i.e. energy
of formation of a vacancy is affectéd). LCoplanar paifs of dislocation
loops have strong interaction only if the séparation‘is small (about one
diameier of.the bigger loop)- bThis ihferactipn-results in‘a nét flow of
vécancies around the loop. The second ié due to direct loop-vacancy

interaction. Vacancies once created at a given loop may, however,

iﬁteract with the surrounding elastic stress field,and accordingly the

energy for migration of a vacancySWiii be affected.
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Reliablé quantitative measuremenfs of ciimb'rates are largely still
lacking because of the.followiﬁg:experimenfgi difficulties: |
i) Itbisioftén hard tb'é&oid cogcurrent prismatic slip; this is
particularly tfuevin mefais;‘ |
2) It‘is necessary to.carry out annealing treaﬁments outside the
micro;cope beéauéé of the inherént inéccurégy ofrtemberaturé measure-

ment in hot stage ‘experiments.

These difficulties have been avoidedvih our experiments.. Magnésiﬁm

6xidévwas\fbund-to be an ideal material for observihg‘self élimb“for the

following reasons:

1) Prismatic slip in magnesium oxide is not easy even at tempera- °

tures -high enough for self climb to occur readily.
_ 2) Many'of the prismatic dislocation loops, which are formed from

the same diélocatibn dipole on annealing are COplanar.

: 3) Annealing of thin fdils of magnesium oxide outside the electron

miérOSCope isirelatively éasy.

 &)_ The high'fractu£e_S£reng£h and high“yield;strength'of-MgO made
it less difficult than for metals to handlé thin foilé'without makihg
zdislécations.mOVé during a series of eleétrdn microscépe.observations

and annealing treatments.

- The combination of sources of iﬁteractiqn (neighboring'loops, sur-

faces of the foil) is possible, but for quantitative analysis it is
convenient to study one at a time.

The present report contains a quantitative analysis of self climb

of‘cbplanar‘pairs of loops. Only those loops were selected for measure—

 ments which were near the center of the foil to minimize the éffects of

o




both cation and anion have to tumble together dufing;diffusion.
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foil éﬁrfaées._ The rate 6f self climb was measured at more than one
temperature for the same set of loopé tb avéid thé uncertainty due to
poorly known pre—éxbontentialifacﬁoré.' Self climb due to surfaces of
the foil or nearby aislocati¢ns has aléo been observéd, but it was not
poséible to.make é quantitative apalysis. An impréved model -of self
climb of coplanar loops has beénvused t6 calculate the activation energy
for pipe diffusion. Several wéak points of Turnbull's>recent ahalysis B

of the same problem in UO2 are discussed.

B. Bulk Diffusion
Here bulk diffusion means the &iffusiqn-of vacancies or interstitials
through the lattice. Both cations as well as anions diffuse simultane-

ously in the ciimb of dislocation loops. HoweVer,.the rate is governed

. by the slowést moving species, in this case the anion. In an ionic crys-

tal like MgO, where the bond betweénva cation and an anion is very strong,

5b

Groves and Kellyé'did transmission electron microscopy on thin foils

'pfepared from bulk samples, annealed at different températures and deter-

. mined the average growth rate of dislocation loops. They obtained a value

of 75,900 % h;600'Cal/m61e as the activation energy in the range of temp-
erature (1292—lh269C) for the thermally actiVated brocess.‘ A major dif-
ficulty of this kind of expérimeht is the initial ihhomogeniety in fhe
plastic deformation. Especially MgO @efprms so inhomogeneously that
samples.for electrbn microscopy obtained even frdm the_ééme'crysﬁal may
contain very differentvamotnts Of damage. It is'alsovimpossible td

separate the contributions due to glide and climb. Due to these difficul-

‘ties it is difficult to associate a uniqué process with the activation
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energy obtained by them. Reliable data for self diffﬁsion by trace or
diffusivity measurements are available for cation diffusion in the range

of temperature (llOO°C—l"(50°C)l3 and for anion diffusion in the range
| 14 | | |

(1300°C-1750°C).
In our eXpefiment, the same area was phofographed after different
annealing treatmenfs in the temperatufe range (lO80flh27°C) under. iden-

.tical diffraétion ¢Onditions, Stereomicfoscopy_was done at each step and

only those loopsQwhich were near.the center of the foil and isolated from.

others ﬁere‘sélected for measurements. For‘this cése the>mechanisﬁ of
énnealing ﬁﬁs weil'defined (bulk diffusion) and the quanfitative analyéis
was easie?; | |

The rate of change of size of dislocaﬁion loops was a strong func-
tion of loép'to sink'diSfance. The effective.éinks ﬁere surfaces of.the
foil and nearby dislocationé. This,indicates‘that the annealing rate ié
control;édvby'diffusion of vacancies rather than thgif emissibh. Quaﬁ-

15

' titafivé'analysis'similar to that of Dobson et al.

activation enérgyvand the pre—exponehtial factor for bulk diffusion. The

ratevdf shrinkage of dislocation loops was measured at different tempera-
tures, thié avoided errors ‘in the activation energy due to some poorly
known pre-exponential terms.

C. Dislocation Glide

Glide 6f a dislbcation is defined as its mb#ementron.a surface‘that
éontains both. the disloéation line and its Burgers vector. During glide
.motion the'dislocation has to pass through hills and troughs of atoﬁic
potential.‘ The force which opposes glide is the Peierls-Nabarro'fqrce

and the éorresponding stress is the Peierls-Nabarro stress. In ionic

was uséd t0 calculate
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solidé,!the Peierls-Nabarro sfress arises primarily from ions with the
same sign having to move past eachrbther during slip. 
In>thin.foils, the‘intefactidns whigh cause slip or glide of dis—
locations are sﬁrface image forces, nearby dislocainn loops and dis-
locations. We observed glide mdtions'of the following ty?es:
1) ‘Two.relatively isolated'disldéafionS'loops b;vector %-(101)

slipping on.glide cylinders with the separation of axes being equal to

~ the sum ofvradii of two loops;

2) dislocation loops b = %-(lOl} siipping soleiy due to surface
effects; | ) | | |

3) big l&ops that intersected the. surface of fhe'foil gliding out
where they wéré ﬁearly parallél_to the éurfaée of fhevfoil;

4) two loops of different b-vectors (—1,5 [101] and % [101]) slipping

on glide cylinders at 90° to each other.

‘ Quantitative estimates of the Peiéfls—Nabarro stress have been made
13

from glide motions of type 1). Foreman and Eshelby's formulation for
the interaction energy of a pair of widely spaced or infinitesimal dis-
location ioops was used in the case where two small loops. were slipping

13

together. Foreman's improved analysis & has also been used for some
cases and results cbmpéred.- For the_case-whefe one of the loops was
mugh smaller than the other, a formulation similar to that of Kroupa and

Prices'fbr‘interaction of ‘a loop with an edge dislocation was used to

caléulate‘the Peierls stress.
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II. EXPERIMENTAL
Large_grained bolycrystaliine Mg0 was pﬁrchasedvfrbm Muscle‘Shoals
Electro-chemical Corp., TﬁSéumbia,'Alabama. Semi—quantitativé spectro—vc‘
graphic analysis'révealed-thebfollowing impurifiesf | |
A - Mgo (impurities in PPM)
.A14éoo;1Si;2Od, Fe-30
Na and K Were.undéfected up tb 2 M, Ag undetected upvto 1l PPM,
all othér elements alsé undetected;
B - MgO (percent impurities)
Al - 0.06, K - 0.05, Fe -'0.63, Ca_—.0.03, Mn - 0.002,
Cr - 0.002, Cu - 0.001, Na - 0.001, Si - < 0.00L.

MgO used by Oishi and Kingéry2o contained the following pércent impurities:

si % 0,01, K'< 0.01, Fe < 0.01, Ca < 0.01, Al < 0.01, Ag < 0.01, Cr < 0.01,

Cu <.0.01. In our experiments A-MgO was used unless otherwise specified.
; Sihgle cfystal speciméns iﬁ thexform of thin“sheets (v 0.50-0.25 mm
thick) ﬁeré 6bﬁained'by cleéving aiéng>{100} planés. .Thé sﬁrfaée damagé
introduced during ciea%ing wés removed by éhemicél pélishing in hot |
orthophosphoric acid (150-160°C) to a‘thickness of about o.i'mm. These

sheets were then bent backwards and forwards (*5 cm radius) about 20 times

until they were full of slip bands. Following the deformation the specimens

were thinnedlfurther, after applying masking lacquer around fhe edges.
Fipal thinning tO'obfain electroh microscope fdils Was’dope by a jet
polishiﬁé-ﬁechnique.lu After'cold Workiﬁg thé thinning waé dbng primarily
from one sidé because plastic_deformétion is_maximum near the su;féces..
~In thin sheet§ beﬁt along th§ [OlO] axis, dislocation dipoles aré'

introduced on (101)[I01], (I01)[101] and on (110)[110],'(IlO}[liOf'slip

B
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systems. Dipoles on (101)[I01] and (I01)[101] are of primary interest
as dipoles on (llO)[IlQ] are seeh edge-on along [001] which is perpen-
dicular to the surfaces of the foil.

Annealing Technigue: An MgO (98%) crucible with an air tight platinum

1id was fired at 150600 for 48 hours. Then an MgO tube 1/16“ internal
dismeter and ih" long was fitted in:the crucible so that fhe atmosphere
inside the crucible_could.be isolated from the fﬁrnace atmosphere and
could be coptrolled from the outside. This was also given a firing -
treatment similarvto that of the crucible before connecting it terthe
crucible. The’thin foil was kept between two pure Mgd crystals. One
ofvthese crystale hadva spherical eavity, made by an uitrasonic drill.
The thin foil was placed in the caviﬁy in such a.way that the area of
interest did not touch the enclosing crystals. A calibrated Pt—lo%‘Rh
thermocouple was connected to the cruciﬁle to measure the temperature
inside the crucible. The temperature coﬁld bevcontrbiled to better than
£3°C. At teﬁﬁeratures ebeve V1L00°C, there was some indieation of non-v
stoichidmetric composition.A.Thie eould easily Be detected as e change
in transmitted.inteneity insidé the electfon microscope. The‘prOblem

of non-stoichiometric coﬁposition was overcome by introducing some ox-
ygen in theﬂcrucibie atmosphere#v Care was taken not to turn the foil

over during electron microscope observations.

Electron Microscopy: All the foils were\examined in'atSiemene 100 kV
electron ﬁicrescope.'vFor a perticuiar seﬁ the same”diffraction cbhditions
were used. Mest of the stereomicroscopy ﬁae done aloﬁg the 200 Kikuchi
band and around the 001 pole.. Objective lens cufrent was measured at

each step of the picfure making, keeping intermediate and projector lens
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currénfs fiked. The ﬁicroscope was calibrated'in sﬁall intervals of
objective lens current for.the same projéctor and iﬁtefmediéte lens
currents. . | . |

A1l thé quantitative measuréments were made directly from fhe elec-
f?éﬁ.micrdgfaph'plates. Electfbn microgréphs were observed in.a Nikan

ernlarger at 20X to make measurements.

[_‘

ki
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III. THEORY AND METHODS OF CALCULATION

A. Pipe Diffusion

Hereba_general formulatioh_ofithe rate of self élimb of two isolated
and interécting loops is.presenﬁed. The formulation for pipe diffusion
along a screw dislocation,vconnected to both surfaces of the foil and

the loop inside the foil of thé same b-vector has already been reported.ha

It is assumed that motion is due only to pipe diffusion and that the only

driving force is the interaction between the two loopsf .The difect
vacancy—loqp iﬁteractions arevnotvinclﬁdéd due to unceftainty'ih the
relaxation ardund_vaéanciés inside thevcoré'of'a diSiocation in ionic
Crystals. Thié ié thought to be'smail5 as discus#ed_laﬁgr.’ Also, in
agreement wifh'experiméntal_Qbéervations, it is aSsumed that the loops!
remain circulaf.while gettipgvcioser. |

The Shift AX in fhe center ofvgravity due to formation of one

vacancy on a loop of radius r, at any point p (dee Fig. 1) is approxi-

1
mately

2 .
- b cos8 ‘ - - _ Q)

Tr

AX
» 1

where 6 is the angle betWeen‘the line joining the loop centefszand point 

p. The éhange in the energy of formation of a vacancy at any point along

the circumference of the loop is then:

A _ ,
Mt & | | | :(2)
is thé change in interaction energy.

13a

where dE.
— T int

Following Foreman, dE, is given by

int
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Gb2
(1l

dEint = E_z—:sj'd21°d22 ' | - - (3)

where vectors»dll on loop 1 and'd22 onvloop 2 represent two small seg-

ments of their perimeters with coordinates (xl, yl) and‘(xg, y2)
' 2 2 | '
) )

respegﬁlvely and'X? é (X2 - X + (Y2 - ¥

The vacancy»concentration in the diélocation pipe is therefore

. -Au .
CP = CP e — LV S

. D “va/kT _ . : v
‘where CO = e » is the equilibrium concentration within the dis-
location pipe in the absence of a glimb force.

For Aufv small cbmpared to kT
. = 1 4
¢ =c (;. Bug, /XT). S - (5)
‘The migration rate of the loops is determinedAby the flux of

vacancies_paésing from the far half into the near half. Assumiﬁg that

loops remain circular and the equilibrium vacancy concentration given by

Eq. () are maintained, the flux is

. P R S
. = b P _1fac ) IR ,
1 Da r (de )e=9o°' | (6)

.,
|

P PP

2D a C ae. . - S e o
- 0 int . (1)
ﬂri kT ax o :

where DP = self diffusion coefficient at the core of the disldcation,

a = area of cross-section of the dislocation pipe.
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Now A
) _ o, ¥
A dt loop 1. - 2rl
~ pfafpeet  as, | o
~ o) int (8)
ﬂkTrlB' ax ’

If both loops are migratingz'the total rate of change of X, Ty is

the sum %% + %% .
: loop 1 ~J1loop 2

Therefore
2C P ‘4R
e

a _fax) ,(x i int |1, 1|
at \a ) at T ax 373 3
: cop 1 Jloop 2 - .

where o uP.' |
=P oexo o2 ] - : -
D, =D~ exp -\ 7 _ o (10)

P P
C =N exp - LV

o . o kT (ll)

P

u andAuiv are activation energies for migration and formation of a

nv

vacanty respectively at the core of a dislocation, Ng = atomic density at
the core of the dislocation.v
Substituting for Dp and Cg into Eq. (9) _
PP_P . A P P
“a

o } . . : +
QZ_= Do No dEint ‘;__,+ 1 e _ Hmvf ufv " (12)
at - kT x| 37 3| S
: S r . r | - kT
1T
Defining X = Xér and rearranging Eq. (12), we have
T . N _
o= ax
. = Kdt -
ax dE, .

int
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where
P ' P P i
NP 1 1 umv"“fv
K 2 f—3+ ——‘3 exp - ’
ﬂkTrl rl r2 kT .

and ry is the diameter of bigger loop.

On integration ef_Eq.’(IB), we have

. Xz o T " ﬂ B o
_ _ &% 2 o o :
f ax . — = Kdt ) (14 )

- . int
5o 5

To evaluate the integral on the left 51de, %%— vs X data_were
int
calculated for the sets of loops, suitable for self climb rate measure-
ments. For cases r

=r and T, = rl/iO’ graphs are'given

1T T T2 T /e
in Flgs. ha, he and le respectlvely._ The calculated graphs of E ot Ys,i

from Eq (3) for these cases are also given in Figs. hb 4d and Lr

ﬁrespectively. Einf Vs X for infinitesimal or widely spaced loops from

Foreman and Eshelby formulation are also shown in Figs. Ub, 4d and uf

for comparison.

Graphical integrations were performed fromvii o 22 corresponding to

intervals of time At to get A, A2 ete. Therefore for an intervalvof_
- I : v o _ C ‘ . T -
time At~ at temperature Tl T . S o o

Al=KAtl o ' o - o (15) . t
Slmllarly for another time interval At at temperature Té
A, = K, At | - , (16)

2
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From Eq. (15) and Eq. (16) we have

_A2 Atl- Tl RT‘ T2 Tl : v
Therefore
2
RT.T  ACALTT S _
E o= =% gn L , - (18)
act Tj_—T2 AIAt T2

B. Bulk Diffusion

Under diffusion—contrblled condifioné it is nét necessary to make
any detailed assumﬁtions about fhe’state éf the diélodétion core other
thén fﬁaﬁ'if éaﬁ ﬁaintain the'§écanc& concenfration in the lattice sur-
rounding the loop at its iocal equilibrium concenffation. The rate of climb
is then detefminéd by‘the vacancy_flux between the lattice surrounding -
the loop and surfacés of thé foil. The vécéncyeconceﬁtration in the
vicipity of the dislocation:loop is C, exp [;%E—]? Vhére Fc is the
driving férce for climb and B2 is thé cross—séctionai area of a vacancy
and at the surfaces of the foil vacancy concentrétioﬁ is Co;‘ When the
fadius ofbthe“dislocation loop (r) is small-compared with the féil thick-
ness; thé loop can be considered.as a sfhere'of radius r and diffusion
equation:is1301ved'fof.sphéricél’symﬁetfy, with the boundary conditions

that vacancy concentration:

Fb? : . ' -
C = Co'exp'[ §T ] at. x =r and C= CO at x = L. Here x is measured
from the center of the dislocation loop, and 2L is the thickness of

the foil. The rate of shrinkage, dr/dt (following Dobson et'al.l5) for

this case is given by



o . 2 -
§£‘= _-.g.].).[ex’...F.‘EB_ - l] o L i (19)
a& - "o TP OTRT T _ S T

where D is the’self bulk diffusion coefficient.

For large loop radii (r > L), lOop can be approximated by a straight

»line éf length 2mr and the diffgsibn equation is sdived for cylindrical
.symmetry withvthexbeundary ednditions that C = C_ exp[F B /kT] at x= =b
and_C=Co at x=L, where x is measured from the dislocation 1ine. The rate
of shrinkage-dr/dt for this case is given by

- dr

dat ‘b’

= —om % tn (D) [exp(F B/kT)-1] . (20)

Follow1ng Seidman and Balluff1,l6 for small loops'the diffusion
geometry may be better represented by a tor01dal source (radii r ‘and ro
and concentratlon'Cl‘on thé torus) 51tuated at the center of a sphere
of radius,L. ‘The’concentration on the surface of'the*sphere'is Co'

‘The shrlnkage rate 1s given by

P )

dt f b 2n(8r/r )
v o] A
For large loop radii, the rate:equation corresponding to Eq. (20)

is _
(C.—C ) B _ .

S P ' o ~(22)
Qn&L)I ' CE
Q

‘dr _ -2mD
a. b

Using-the.expression‘given by Bacon and Crocker™ | for the elastic
energy of a prismatic dislocation loop, Fé can be written as

2 ' ' :
- : 8r 3-2v - o ' B .
FC = m—r [Qn - -2 +. ')4—(_\))] . (23) -
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‘where vV isithe Poisson's ratio and rovis ﬁhe_ra&ius'of the core of a
dislocation.

Substituting for v = 0.3 in the range éfvtémperature 1080-14k50°C
and rb'(ro.:'l;B b), chcan’be-reWTitteﬁ as

2

; ub . l.Yr : . . ) ’ i .
Fo= 28w ™% o . (2w

Since Fcb2 << kT, the Eq. (19) can be rewritten as

dr = ~2D FCb2 (25)
dt b kT
2 .2 1 i Ce . _
because B™ = b~ for 5—0101)'prlsmat1c edge dislocation loops.
By substifutingvfor F, in Eq." (25) and simplifying, we have
r dr = —EDb3 fdt . ‘ ) 'v; ) . ‘(26)
I3 1l.7r 1.bwkT - C ' . :
n .
b
Similérly Eq. (20) can be written as
rdr -qu32n(L/b) - . : :
=, = at : _ (27)
Qn_%lﬁ ~ 1.bmkT '

By:integrating_numerically the left hand side of Eq. (26) and Eq. (27) (see

Fig. 5) ffomfrl to r, corresponding to a given interval of time of an-
nealing at temperature T and recalling that D= D_ exp_Eact/kT, we can

). The same loops'weré annealed at different

find activition energy_(Eact.

temperatures to avoid the errors in.activation energy due to the lack of
preciSevkhowledge of pré-exponential constahts. Using this value‘of

activation energy the pre—expoﬁential term DO was then determined.
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C. Dislocation Glide

_Following,Foreman and‘Eshelby;l3-for.the case of two infinetisimal

~or widely spacéd loops the force for glide motion is

oE. b.b A A ' ' -
int l 212 3cos6
- = +
7 hn(l—v) (3 30 cos’ 20 35 cos 6) (28)
where bl,._2‘ahd Al’:AQ are thé'Burgers vecfors and_areas of the two

dislocation loops féépéctively, © is the angle that R makes with the
;loop normal. R'is the separation of centers of two loops.

We can write

sinb = ﬁR , cosO = 7 | : (29)

where S is the separation-betweenbaxes of glide cylinders.

,Using.relations of Eq. (29), one can write'Eq.‘(28) as

OBy _ MPiPoMAy 3w f 302 ' 352 (30)
_32 hﬂ( —V) (32+22)5/2 32+z2 , (32-+z2)2
From this~
3ub.b, A A | 7= z
RS e~ Ny 2 3/2 72 5/2 &2 (g2402 7/%]
AEint "ffﬂﬁ?i:RTT—_[:g(S + 7°)° + 83 (s ) p(s +7, ) Z Zl
(31)
AE. = 2mr 1.b(Z fZl) . o o (325

int P2
-where TP is the Peierls stress, r is the radlus of the glldlng loop and
b is its- burgers vector.
Foremanfs analysis. is an improvement over Foreman and Eshelby's

: aﬁalysis.  This holds for loops of all sizes and séparations. Foreman's
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_analysis reduceé fo Foreman énd Eshelby;s analysis for infinitesimal
and widély spaqed loops}
Let the.éenter of_one loop bé.at the origin of an Qrthogonéi co=-
ordinate system (x,y,z) with z axis»perpendicuiar fo'the plane of the
loop and the center of 6ther.100ps at (xlylzl). If the vectors dRi on
one loop and d22 on the other loop repfesent'two smalleegments.of £heir.

). and (x ) respectively, the

oYo%o

perimeters with coordinates (xlylzl

interaction energy d4E, between them according to Foreman is:

int '
2 (z —z)2 .
TS el |
e = Tm(iwy R T =3 .§ dll.dlev | B - (33)

where ' 7 _
o 2 2
R® = (x 1'x2) (yl-y2) + (zl—ze)

The total loop-loop interaction is obtained by taking the double
line intégral of Eq..(33) around both loops, This integral may not be

evaluated analytically. For calculatlons of A E Foreman's results

t’
of numerical integration have been used (see Fig. 2).
In the case where a small ioop isvgliding because Of'interaction 
with a very bigbloop (éeé Fig..3)? the energy of‘infeféction can be
approximated by the interaction energy of a ioop with a straight dis-

" location. - Following Kroupa and Price,slinteraction énergy can be

written as:
Lbb

g o= —= Rz'g ;(2Y2+22-1 +2/[(1+Y2+22 Q—MY ]g-
int » 1-v. . ] :

[(Y2+ZQ—Y)((Y-1)2+Z2) -1/2 (Y +7 +Y)((Y+1) 2)'1/2]% (3L)
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where b and b-l are Burgers vectors of loop and dislocations respective'ly
and, Y =y, /r and Z = 2,/r (Fig. 3).

We have studied cases_where Y = 1, so Eq. (34) looks like

Wb, -
Eint 1-7\)1‘ {l_[?z2+2z‘/(z2_.|_h)]-l/2. [Z+(2+z2)(h+_z2)';/2]} o (3)

To 'calcﬁlate' the Peierls stress TP, we have
2o

AEint = f
KA

. where Az is the displacement of smaller loop along 'tﬁe glide c¢ylinder and

'AEinf; is the cha.nge in inﬁeracti_on'energy.

Eipg = 2MTp 06 (2572) - e



-21-

IV. RESULTS AND DISCUSSION

~ A. Pipe Diffusion

Figﬁréé 6A and B show the self climb of prismatic edge dislocation
lOops, 5v= %{101] at 1 and 3. vCéplaﬁar pairs of loops, near the center
of thé foil (confirmed from stereopair) moved togethér.by pipe diffusion
to form:single loops of approximateiy conserved area (af 1, Fig. 6). At 2
dislocation lodp,'b = %-[101] is connected to the surfaqes of the thin foil
by a screw dislocation of‘the same b-vector. The dislodatidn loop is
shrinking due tb pipe diffusion aléng the screﬁ dislocation. It can be
seen qualitatively that shrinkage rate due to pipé diffusion is much
larger thah'that due to bulk diffusion By observing_thé behavior of the
loop at k in Fig. 6, b = %{lOl] which ié also near the center of the
foil. It did not shrink appreciably by bulk diffusion in spite of being
one df thé tihiest in the field of view and therefofe having a large
driving férce‘for-shrinkage}. Some of the loops of the saﬁe size as k
" (near the dipole in Fig. 6) aré-éhrinking with a little faster rate than
L 5ecause-df being close to fhé dislocation dipolé. ‘Effective sinks
or sources where the vécancy concentration can be maintained‘near ité
eQuilibrium value.ére the'surfaces of the foil and stfaight or only
slightly curved disiocations, |

Figures TA and B show further exgmpies of self.climb oficoplaﬁar
pairs of dislocation loops, B é’%{lOl] at 1 and 2. lTﬁese loops are.aléo
near the center of the.féil S0 thatvchéngés in the sizes of the‘loops
due to bulk diffuéion are almost negligible. Dislocatién dipoles at_3.
and 4 (Fig. 7) have opened up into:aislocation'loops b =.%{101]. The

dislocation loop at 5 has slipped out of the foil by prismatic slip due 
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to image fércés caused by the surface of the fbil.

v.Théxééf of pictures in Fig; 8 shoﬁs another series, photograpﬁed
after different énnealing treatments, outside the electron microscope.
At 1;.2;.andb3, fherébafe good examples of self climb of coplanar pairs
of lo6pé, b = %{lol], which are also close to_the center pf the foil. |
The dislbcatidﬁvlobp'étvs, b ; %{101], Which was also neaf fhe éenter
of the_foiliis_sh?inking éurely by bulk diffusion.  The change_in its

size is again not measurable_ih sPite df its,being one of the smailest

loops in the field of yiew. The dislocation loops at 6 and 7 which are °

close to the surface of the foil are shrinking by bulk diffusion with '

much faster rates than S»énd other loops which are félgtively far away‘
froﬁ_the sinks{ Thevdiélgcation ldop at 8, being very élose to the .
surf?ce,‘ﬁas-slipped out of'the foilvby prismatic slip.

-The_set'of picturés in Figs. 9, 10 and 11 is an example, where thé
same_area wés.phétographed after.annealiﬁg tfeatmentsvgt three differéhtA
témperaturés. Coplanafxgroups of léops at 1, 2, 3;‘7; a, b, ¢c and 4 ’
move clésér fogether by self climb and form’Single looﬁé‘of apprpximateiy
conserved area. The changes in the sizes of all dislocatioh loops from

Figs. 9A to 11A are negligible. A few loops which were very near to

one of the surfaces of the foil have slippéd out by prismatic slip along

their glide cylinders (see loop 5 and 9 in Figs. 9, 10 and 11).

Quantitative measurements of self climb have been made from the

sets of piétUres in Figs. 9 through 15. The values of activation energy

for pipe'diffusion,vobtained by measuring the rate of climb of various

sets of loops are given in Tables I through IV. The average value

of activation energy is 60,300 * 3,500 cal/mole. An estimate of the un-

certainty dﬁe“to limits of precision in the measurements of separation,

va
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radius and'témperature afe giyen for each value;  To maximize the
precision of measufed sepafations and radii of loops, pictures were
taken with both 200 and 200 diffraction cOnditions; The results re-
ported in Tablgs_I, IT, III and IV repreéent the average of measurements
from the:two;diffractioﬁ coﬁditions. Stereomicroscopvaas:also done at
each step to locate the loops iﬁ_the foil. Surface dirt particles were
helpful.as‘reference ppints; Only those loops, which were locatéd near
the centér of the foil and were relatively isoléted.from other loops were
selected fof measuréments.’ Surface effects were not‘importaﬁt in the
calculatiohsvﬁecause these'are of short range andiaré negliéible for
loops éituatéd at a depthvmoré than about two diameters of the 1oop.18

In the théory of self climb one of the éssumptions'was that.ioops
rémain circular due to line tehsion while ﬁoving closer together. The
dislocation_loops at 3 in fig. 12D and atv2 in Fig;_l3D show that loops
do remain'cifcular'even up to the time of conﬁact; This should be ex-
pécted becaﬁée'the loop self‘energy remains large compafed to the inter- -
action energy right up to thé point whefe the lodps cbme.into ébntagt.
vTurﬁbullll has mentionéd that his formﬁlation for the rate of self climb
explains why both loops rémain cifcular'while'comingvéloser together;
However, this is not true.‘ ﬁisganalysis cénsidéred_the‘sﬁape of tﬂe
near halfs of the loops. The hét force acting.on far halfs is repulsion
which, in the absence of iopp self‘ehérgy; ﬁould make the loops elongate
rather.tﬁan reméin‘circular. | .

Dependiﬁg upon fﬁe.vacancy saturation éiound.the lbéps,_ﬁulk dif-.
fusion can cause slight'incfeases or decreases in the sizes of tﬁe loops

during anneaiing. if loop size changes, the pipe diffusion path:



)

léngth changes duriﬁg the expefiment.  Thesé'changes have.been néglected
in the forﬁulétion for rate of self climb. Howevér in the.temperatufe:
range‘of our ¢Xperiﬁents these changes were very small for fhe dislocétion ’
loéps which were néar the:center of the foil and relatively isdlgted
from other loépsfv Also since the pipe diffusion ﬁaﬁh léngﬁh enters onl&
as the firét'power:[gee Eq.z(G)],bthe effors in the calculated vaiﬁgs
dueﬁto this simplification were negligible. | | |

| . By making:meaéﬁfeﬁents_of climb rate-for a given'loop pair at more
than one température,'errorsvdue to ihadequété knoﬁlédge of the appro—A
priate pre—expdnential terms, particulariy Dg and aP,‘have been avoided.
Measurements, at ohe temperafure, reéuife theoreticai estimaté of Di and
aP to pérmit calculation of the.adtivation energy. Tﬁrnbull's quantifa—

11

tive analysis of self climb in,U02, the first available in the litera-

ture, suffers from this necessity. The activation energy calculated
from rate measurements at.two.temperaturés (Figs. 9 to 13) was used to
) o . .. PP | -18 4,
calculate the pre-expontential term D a (7.5 + 4.3) x 107" cm /sec.
This value of Di aP was then used to calculate the activation energy'forfb
measurements done at another temperature. The constant activation ener-

gy obtained over the temperature range 1100 to 1250°C for various sizes

- of loops justifies confidence in the model and analysis. if we take

5

ap v lel 'cm2, Di is about 5 X 10_3 cmg/éec; This is in good agreement .

: » . ‘ : *

- with previous results on pipe diffusion along screw dislocationms. ba
 This rather low value of,Dg may'be.due to precipitationvof'impﬁrities

along the disiocations; which act as traps for vacancies and/or a

*

A configuration, in which a dislocation loop, b= ;{101]; was connected
to both surfaces of & thin foil by a screw dislocation of the same b-vector.
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reduced value of the ffeqﬁency‘of atomic vibration inside the core of
a dislocation. |

In.Turnbﬁll's paper argumenfs afe alsp presented‘for not takingxin—
to account diréct-looé—point defect interaction. He argues that relaxa-
-tion around vacancies in ionic crystals is small. "Iﬁ general, this is
not true. in Mg0O, the relaxation around a vacancy is about 0.2 to 0.4
times the molecular volume.28 However, it is noﬁ cléar how the relaxation
around a vécancy in the core of a'dislocation Might.be eStimated'frbm
this Value.fqr an isolated vacancy. However, this interaétion does not
seem to be very iﬁportant Because of the consistent results obtained
for different loop sizes and for pipe diffusidn along screw dislocations
(62,700 2000§al/mole§a£o_the‘fdil surfaces where airect interacfion
terms would be smail; The slightly higher values of’activation energy
for pipe diffusion along screw compared fo.that_for self élimb (pipe |
diffusion:along edge dislocation may Be eifher due to the different
nature of the screw dislocation core or because we have neglected direct
vacancy-loop interaction. In the latter éase our value for edge dis—
location ﬁipe diffuéion is an underestimate for the true value.

The value of activatioﬁ energy 60,300 * 3500 cal/mole for pipe
diffusion found in our experiments, is consistent_wifh the upper limit
estimate of activation energy for pipe diffusion (71,400 = L4600 cal/mole)
obtained by Groves and Kelly. The self climb experiménts were done on
both A-type and B—type MgO. The»differences in the activation energy

were within experimental errors.
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By meésuring the shrinkage rate of dislocation léops due to bulk

diffusion in the temperature range 1080—ih2796; thé_activation energyv
for intrinsic bulk diffusion was'détermihed to ﬁe 110;000 + 4,200 cai/mole.
.This is in agreemenf_with that for intrinsic diffusion of oxygen ions |
‘obtained from electrical éonductivity meaSurements.l9- Our valﬁe-of
activation enérgy for-self climb is aﬁout 0.55 times that for bxygen ion
bulk diffusion. ‘Thié waé expected because of smalier énﬁhalpy for
formation of a vacancy at tﬁe dislbcation and easier migration 6f vacan-—
cies along the dislocaﬁion.‘lga

.From this it danbbe concluded that pipe diffusion is controlled by
oxygen ion mobility»which'is reasonaﬁle in view of ionic radii of
07"(1.32 A) ana Mg™t (0.66 A).

B. Bulk Diffusion

ivFigure l6 is a setvof pictures bf the same aféa aftér various
annealingjtreétments.ét four different tembératures:(1202°c, 1291°C,
1368°C and i2§3QC). The pictures feﬁresentithe end points of annealing
treatmenté.. bislocatién loops b =_%-[101], 1, 2, 3, and & rémained
roughly near the center of foil, as confirmed by sterébpairs faken aftér'
veach‘annéaliné treatﬁent.' The dirt particlé on the upper surface of the
foilvactéd as the reference. The'ends of the screw dislocation (at the |
uppervrighf corner in ‘Fig. 16) running from the top tb the bottom of. the
foil.could-élso be used as a reference. ‘Near such éurface reference |
points'the pefception ofrdepﬁh in stereo is better. Figuré 17 shows
- other areas at the same four differentiénnealing_temperatures.

| The set in Fig.'i8-is at two different annealiﬁg-temperétures |

(1260°C and lhOO°C).andAanother set in Fig. 19 is at twoidifferent

temperatures (1400°C and 1427°C). The measurements at lower temperatures
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(below,lZQobc) have been madé from Figs. 9 to 12. In all of the abovs
cases A-MgO was used. Plots,-r2 vs t, are given in Figs. 20A,B and C
for sets in Figs. 16 through 19.

The sfrdng dependence_of.rate of shrinkage of dislocation-ioops on
loop to sink distance (see loops 6, 7 iﬁ'Fig7v8) proved that diffusion
is controlled by‘diffusion of vacanéies ratﬁer than emission of vacan-
cies. The egquations for shrinkage ratevof dislocation loqps under
emission controllsd conditions differ from that undervdiffusioﬁ conditions

19b

only in the pre—exponential terms. Since, iﬁ our experiments, rate of
shrinkage of éislocstion loops was measured at more thah“one temperature,
it ?oes ﬁot'matﬁer which model is used invcalculatiOQS of agtivation
'ene;gy.

An averagé‘value of activation enérgylll0,000 + 4,200 cal/mole was
obtained in the temperature range.i080 to 1427°C. The value for D, in
this temperature range Wss found to be:(l.37 + 0.26) x 10f2 cmz/sec;

Kn D vs l/T plot is shown in Flg 23.

The set of pictures in Flg 21 was from B type samples. r2 vs t
plots are given for dislocation loops 1 and 2 (Fig. 21) in Fig. 22. The
' valus of activation_in this case dropped to 63,600 * 1,500 cal/mole above
1300°C (see Fig. 23). |
| vOishi'and Kingerygo determined the oxygen self diffusion coefficient
by measuring the rate of exghaﬁge between a controliedvgas phase (oxygen'
gas at 150 mm pressure) enriched_with isotope Ol8 and an Mgd cerystal in
the temperature range l300el7SO°C. _Their activation énergy for bulk 4dif-
fusion was 62,MOO cal/mole. This is in gosd agfeement with our value for

B-MgO above 1300°C. They attributed this to impurity controlled diffusion
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mechanism-‘ The impurities ﬁhich can. affect the diffusiyity in oxygen
subletpicefere either monovalent cations, trivalent of higher order
anfons._ MgO used by Oishi and Kingery had'enough of;K&, Ag+ and Cu' to
~ cause this effect. BfMéO, used iﬁ our expefiments'also_contained enough
~of potassium and copper to get similar effects. Oishi and Kingery used.
unannealed MgOvpowaef;in theirfexperiment. These parficles might have
contained'high_dislocation density.. So the apparent activation energy
obtained by them‘might,be that fof pipe diffusion._ This has been found
to be true for KC1 and NaCl powders es.discnssed by Banrket al.goa,
Furthermore relatively higher nalues of diffusion coefficienpe obtained -

19,20a

by Oishi and Kingery support this idea. If this‘is assumed to be

true it is interesting to note that their value is very cloee to our
value for_activation energy for pipe diffusion.

\From.pre—exponential factors in the diffusion.equetions one can
ee31ly show that amount of impurities needed to get this effect 1n th1s
temperature'range is lesskthan 1 PPM. It is to be noted that in AngO o
there are no such impufities (monovalent cations, trivalent or higher
" order enions)_to produce this kind of effect. o
The falue of activation energy 63,600 i_i,SOO cal/mole corresponds
" to the’extrinsic fange.and hence is equal to E@’_the‘énthalpy of motion
of the rate conprollinéiion. Vacancies’afe createa due to_the presencev'
of eliovalent impurities, so the H /2 term from activationvenengy drops
) out.(ﬁ = enthalpy of formatlon of the complete Schottky defect). The
actlvatlon energy llO OOO h200 cal/mole corresponds to intrinsic
dlfqulVlty (no effect ‘of impurities) therefore thls,cornesponds to

H B
' —2 + Hm where H is the enthalpy of motion of the rate controlling ion .
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(in this case 07 ). From this H, is 3.6 * 0.22 eV and H_is 2.76 *

S _ Lo ot
0.11 eV. Harding et al.gl did measurements of self diffusion of Mg

in single crystals of MgO and determined Hf = 3.} + 0.2 eV and the’
enthalpy of motion fdr éatioﬁ vacéncy (Hm) = 1.7 * 0.1 eV. There is
goodvagreement in the values of'Hf.v_Both in anion ahd cgtion diffusion
Hf cOrrespohds to the enthalpy of formation of complete‘Schottky defect.
In the shrinkage and growth of.dislécation loops both cations and anions
have to“mOVe togethef during diffusion and the rate of diffusion is
controlled by the slowest mo?ing 5pecies. Since in MgO, thebionic radii
of Mg++ and'O—f are.O.66 A and 1.32 A respectively,vone would expect
the diffusidn rate to be controlled by 0 . Thereforé our value for
H (2.76 £ 0.11 V) is for oxygen ion and it_is'highér_than that of Mg'"
(1.7 + 0.1 eV)21 as expected.2 |

~The two regions intrinsic 1100~1300°C and extrinsic > 1300°C in
B-Mg0O can be.explained if there is vacancy-impurity éssociation br im-
purity precipitation below 1300°C and above 1300°C these impurities
break away from complexes and vacancy concentration is controlled by
them. However, if the association were the cause,'it would be expected
that the diffusion coefficient would be imburity éoncentration dependent.
in this region, which does not seem. to be. the case. Fu;thermore, the

transitidnsvwould be gradual rather than being so sharp as those found =

"in our experiments.

Precipitation might set in at a well-defined temperature range and
give rise to a.relatively sharp change in the values of activation ener-
22,23 Mso,

the values of D in this.case would be independent of purity as observed.
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'Impurity precipitation arouhd'1360°c has been observed by ﬁuensch and
Vasilos;2h

This sﬁddeh”change in activation energy in B—MEO might also be ex-
piained on the:basis of the following.reaction i |

ot ot %-EF' > 1300°¢

« < 1300%.

Above 1300°CTVaeahcies created by:this reaction; become predominant
over the.equilihrium concehtration and the diffusion ie controlled en-
~ tirely by these vacanc1es. In other words the Hf term in the ectivation
energy for bulk diffusion drops out. However, bélOw‘i300°C since Cu++
is doubly charged as is Mg . there are~novextré vacahcies due to the
presehce of Cu++ end the diffusion is eontrolled by the equilibrium con-
cehtrationvof vacanciee. Therefore ectivetion energy in this temperature

. v H.
range corresponds to —£-+ H

2 m’

'The ionic radii of Cu' and Na' are the same (6;96.A); This is
greater by 0.26 A than that of Mg’ and by 0.21 A than that of Cu . The
etrain-energy should ©be overcomepby the gain in energy in the above ‘
reaction at 1300°C. However helow 1300° change in:strain energy might
be inhibitihg the trensition. The greater stahilitj of Cu+ in the
presence of surrounding ions has been discussed by.Latimerf26 Also from

~ the fact that Cu0 -~ Cu20'(at'l atm pressure) at " 1200°C, we would ex-
v»_vpect greater stabilityvof Cu+ at hiéher temperatures.' As mentioned
vearller reported.anneallng experlments are at ebout 1 atm.pressure.

The latter is not dlrectly appllcable as the stablllty of Cu and Cu

depends-strongly upon the surroundlng lattlce.2

-



-
A
-
™

i
o
g

Uouow 4o 2

-31-

C. Dislocation Glide

‘Figures 24 to 28 are a set of pictures ef the same erea after an-
neaiing treetments at four.different tempefatﬁfes ffom 1200_125000.' Con-
figurations‘suitable for quantitative measurements of prismafic slip are
at 1. (Figs. 24kB-C) at 2 (Figs. 24-26) and at 1 (Figs. 30-31). For 1 (Fig.
2ﬁB—C) Foreﬁan and ﬁshelby's formulation of the inferaction between dis-
locafien loopé of infinitesimal size oruwide spacing as well as the im-
‘proved analysis of Foreman for close loops (see Fig. 4) was used:to
calculate the Peierls stress'in MgO. The values of Peierls stress from

10 dynes/cm2'and T.25 % 108 dynes/cm2

two formulations were 1.1 leO
v respectively. TheeKreupa and Price formulation for the interaction be-
fween 8 dislocation loop and a straight edge disiocation was used for
’eonfiguratieh at 2 (Figs. 2&—26). For details, seebTeble’V. Another
suitable configu?ation,vwhere the Kroﬁpe end Price analysis was used ie
at 1 in the_set of picturee (Figs. 30-31). The varietion ef Peierls
stress with the size of the dislocation loop is shown in Fig. 33{ The
reported values of Peierls stress are after temperature correction in
shear modulus of_elastiéity (ﬁ)ﬂ From Figg 33 the Peierls stress de-
‘creases as loop size increases; This can be explained in view of greater
difficult& in fhe nucleation'and migration of‘a pair of kinke27 in a
smaller size loop. Thevnucleatien miéhtybe difficult becauee the seg-
ments free.from charged jegs,'which'are suiteble‘for nucleation; are
smaller iﬁ a smaller-eize ldop; The migration mighﬁ be difficult be-

cause the pair of kinks has to encounter greater number of charged Jogs

during motion in a smaller size loop.
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Glide due to surface image interaction and dislocetion loop

of Qpposite'b—ﬁector

The big loops near 2 and 3 (Flgs. 2&-28) and near. 1 (Flgs. 29 31)
are lost to the surfaces of the foil by glldlng along [101] glide cylin=~
ders because of surface image forces. For these cases systematic quanti-
tative measurementsdef-dlsplacements from the surfece have been mede but
due tc difficulty'in'fhe formulation of surface intefacticn energy, the
Peierls stress could not be calculated. Direct eiectron microscopic
evidence of the dependence of Peierlsvstress‘on ioop’size is shown in .
Fig. 3bL. Locp at 1 is situated at a depth 220 A more theﬁ loop 2. This
was found_ﬁy-measurements of a stereo pair (see FigL 3hB).'.The dirt |
perticie, onvthe sﬁrface served as a reference. Bofh were giiding'along'
the glide cylinder [101] due to the'surface'image.forces, but loop 1
" reached the surface cf the foil first (Fig. 34D).- Finally, both were
lost tovsurface-(Fig._3hE). There are many other examplesein every set
of pictures ‘of loss of dislocation locps to the sdrfeces of the foil by
giide>(prismatic slip). From these fesulﬁs of the depehdence-cf the
Peierls stress'on'the size of the dislocation loop, one would eipect, the
Peierls stress for straight dlslocatlons to be very low. This is indeed
the case. Screw dlslocatlons; runnlng from the top to the bottom of the
‘foil havevceen observed to move even-whlle under Qbservaﬁlcnvdue to elec-
.tron beam heating. Dislocation loops remaic-unaffected tniess the&.are
very large;v | | |

Glide of disiocaxionfloops of opposite b—?ectcrs are shoﬁn_iﬁ Fig.
3S.at 1 and;Fig..36 at 1. These are examples where a‘vacancy and an inter-
stitial dislocatidh loop glidevaleng common glide cyliﬁdefs“and eventually

" annihilate each other.
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In the_prefious_literaturerthefe has beén no equally'direct'evidence
for the féct_that both vacancy and interstitial lobps are present in
plastically deformed and subseqﬁently aﬁnealed magnesiuﬁ oxiae. Groves
and Kelly25 found all the lobps.to be of vacancy type by contrast experi-
ments in the eiectron microscépe. Cass3 using a similar technique coﬁ—
cluded that'bofh kinds weré'preéent. The configura%ions shown in Fig. 35
at 1 and'Fig. 36 at'l provide direct evidence for the presence'of both
kinds of defécts in plasticélly'defofmed and éubséquéntly annealed_ﬁagne—
sium oxide. However occurrencesbsuch as the above wére rather rarel&
observed énd the same type Qf contrast fof a given diffraction vector
(outside or inéide the exfra half plane of an edge dislocation) W#s usu-
ally seen for all loops in the field of view. The same type of contrast
would onlyvbe expected for mixed vacancy and interstitial loops if all
the‘vacancyrloops were on planes at 90° to the planes of all the inter;
stitial ldéps. In the sodium chlofide structure this is possible but
highly unlikely. Also, stereo—péirs showed that most of the loops in a .

given field of view were generally on the same plane sloping to one side.

It was concluded that the majority of the loops are vacancy type.

More exémples of glide

One éide of the big loop at 1 (Fig. 37), being close to the surface;
has giided out of the foil along [101]. The dislocation loop has |
b = %— [101] and lies én the (101) plane. Part of the di.slocation,at 2
(Fig.-37)'hasvglided out resulting in & narrow dipole,andva dislocation.v
The resultiné dipole and dislocétién loopé aré_of_mixed character'(part—

1y edge and partly screw) as they are not along the [010] direction.
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- The big loops at 1 (Fig. 38) and at 5 (Figs. 25e27) Were;annihilated
_ partly by climb and partly by glide when screw dislocations of the same

b-vectors hlt them

Annealingﬁof dislocation loobs that intersect foil surfaces ' o ' -

| The set of pictures in Fig. 39,'shows'the anhealing behavior of a
blg loop b= :—-[lOl], which was intersected by the foil surface. The
stereo-pair (Fig 39 . lgi-showed that the:loop Was.sloping_downward'
from the upper surface of'the foil. In Fig. 39c; one of the ends (end b)
had started slipping along the glide cylinder. Due to surface image _‘- |
'forces and line ten51on it was trying to be at 90° to the foil surface.
Iu Fig. 39D, it has_already”paSsed:the equilibrium position and one of its
sides has slipped out. In Fig. 39E,:the remaining:part has also sliﬁbedi'
out of the foil. | o

The amount of glide in loop at 1 (Fig. hO) is relatively smaller

than at 1 1n_F1g. '39. This can be understood in view of a hlgher Peierls
FStress of loop at l in Fig. hO than that at 1 in Fig. 39,' Half loops at
2, 3 and h in Fig. hO anneal out both by gllde and surface dlffu51on.‘ |
‘Plpe diffusion 1n these loops is negliglble because of very little driving
force for pipe d1ffus1on and the relative ease of prismatic‘slip.

Glide of dislocation loops due to mutual interaction ;

Figureﬁlh, at 6‘shows an eXample'where'twoldislocation loopsrare:

' gliding'under mutual iuteraction aloug glide cylinaers that’are atv90o

to each-other.- Sinee bothvhave~outside plane contrast (image is outside_
the extra halfvplane), they must hate.opposite b-vectors_(one of them inel
'terstitial_aud;the other'Vacanc&). These two lo0psvcame closer together

along'their-glide cylinders and finally annihilated each other. Here
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ahnhilétion takes place primarily by pipe diffusion.  As soon as tﬁd
loops foﬁch éach other afoms from intérstitiai dislocation loop diffuse
aloné'the édge of extra half plane in #acahcy loop and £ill it, leaving
the region of the cfystal free froﬁ défects;

Some comments on annealing out the -damage

_ When’a_ﬁoving screw dislocﬁtion hits the'dislpcation loop of the.
same b-vector it ma& proﬁote pure glide [at 1, Fig. 38, at 5, Figs. 25-
27] or pure glimb (Fig. 6 at 2) or may do both. An example_fof the last.
case is at A'in Figs. 25 ahd‘26. It is.interesting to note how the screﬁ
dislocatioﬁ (af 6) of the same b-vector as the dislocation léop, (at A,
Fig. 25) (Eoth have b—vecfor %-[101]) enters inéide the‘loép. There is
appreciable'glide at the end "a" because it ié closer to the surface thaﬁ
end "b". Pipe diffusion along the écfew:dislocation is taking place
simulfaneouslj'and>the dislocétion lodp is annealed out'rapidl& (see thevv
screw dislocations at 6, Fig. 26H). On further annealing if‘hitsvanéther
dislocation loop at T aﬁd this loop is annealed out.quiékly by pipe dif-
fusion along th¢ screw dislocation (see Fig. 27I). Qne of the most in-
‘feresting‘examples of annealing,out by pipe diffusion at 8_is shown in
Fig. 27d. The screw diélocation at 8 (Fig. 27J) enteré inside the dis-

. location loop at 9 (Fig. 28K). Theh the.dislocatién loop‘at 9 anneals out
by rapid diffusionvaiong the screw disiocation (see‘Fig.'28 K%L)._ It is
to be notéd that there is no dﬁening up of this dislocation loop [as at 6

(Fig. 25)] perhaps because of higher Peierls stress of the smaller loop.
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V. cOﬁCLUSIONs AND REMARKS
Ué to about»l300°C, the piimary mechanism of annéaling out the
‘ damage inﬁroducéd by plastic deformation in Mgovisipipe diffusion along
edge'disloéation (self climb) as well as aldng screw diélocations'
which conhect dislocation loops inside the foil to the surfaces of the
fOil. ' Above that as most of the loqps have coalesced to form single
loops, bulk diffusion becomes predbminant.' Prismatic slip occurs
whenevér sdurcés‘of interaction are close. Qﬁantitative measurements
'wéré made in each case to find the aétivationvenergy and decide dif~‘

fusion mechanism for the process. Results are as follows:

i

Pipe Diffusion

1.1 The activatién energy for.pipe diffﬁsion along edge dislocations
in MgO.is'60;300 cal/mole and the value of thé ﬁre;exponential
'term:Di a is (7.5 * 4.3) x 10'10 ¢mh/sec;

2. .Self-climb is the primary mechanism éfvloopvcoaréeniﬁg beloﬁ'
1300°C; ébove that temperature bulk diffusibn predoﬁinates becéﬁsé
'most‘of the configuraﬁions.apprbpriate for self élimb have cdllapsed

- to form single loops.

Bulk Diffusion

i..‘ Thejlodp shrinkage*réte'in MgO‘is controlled by diffusion of vacancies
rather than emiésion of vacancies froﬁ the disloéation.

2. The value of the activati@n energy'fbr bulk difquionv(intrinsic)
is iio;ooo + 4,200 cal/mole and that of D_ is (1.37 £ 0.26)
X 1052 cm2/sec. .

3. The.values of”the-activatipn:energy:fﬁr.bulk diffusion in the ex—;-

trinsic range above l300°Cris'63,6OO iil,SOO_cal/mole (B-Mg0).
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L, This changebfrom'extrinsic to intfinsic-diffusién‘ét 1300°C in B-MgO has
been‘aﬁtributed to precipitatiOn of impurities and/or Cu++ > cu’
+ %-Erf tranéitidﬁs at thié température.

5. Diffusion isvcpntrolled_by oxygen ion mobility.f'The'énthalpy of
formation of the complete Schottky defect and #he énthalpy of
motion 6fAOXygen ion are 3.6 i.0.22 eV and 2.76 * 0.11 eV,
respectively. |

Dislocation Glide

1. The Peierls stress in MgO depends strongly on_the size of the

dislocation loop. It decreases as the size of the loop increases.

The technique of annealing thin foils.at high témperature, outside
the electron microscopé énd.phofograbhing'thé same area repeatedly can
be further useful in studying the méchéniéms éf annéaling out the damage,
introduced_by irradiation, 5ther.modes.of plastic deformation (abrasion,

creep, fatigue etc.).
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‘Table I.
Group of N Time Temp. = ~  Activation
Loops o X in Sec. °K - Energy
1 in Fig. 1 A |.2.78 ,
| . sho2 1373
B | 2.68 60,300 * L4000 cal/mole
| 3257 1473 |
S C | 2.4k
. 2925 1510
D |1.588
E | Collapse

.2 in Fig..l A 3.hé

| 5402 - 1373.5

B |3.35 o © 60,700 * 3000 cal/mole
| 3257  1L73 |

c |3.4 o

2925 1510

D Collapse |




Table II.

~ Group- of o Time Temp . ‘Activation
. Loops X in Sec °k Energy
1 in Fig. lﬁ:A 3.19
: } \ 2438 1359
B | 3.17 : . :
' C 2392 1523 59,200 + 3000 cal/mole
¢ | 3.0k . |
o 1570 1523
D | 2.98 o
1202 1523
E | 2.845
F Collapse
" 2 in Fig. 14 A | 3.99 o , , ,
o 2438 1539 59,500 + 4000 cal/mole
‘B | 3.96 |
2392 1523
C | 3.57 '
1570 1523
D | 2.80 »
1202 . 1523
gCollapsev .
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TablevIII.
Group of _ Time Temp . Activation =
Loop X in See °K Energy
1 in Fig. 3 A | 4.01 , :
‘ _ : 4565 1468
B | 4.81 o 60,100 + 3000 cal/mole
1 2305 1468 '
C | b.7b |
: 1810 1512
D Collapse
Y in Fig.. b A | k4.49 :
: k565 . 1468
B | k.30 R :
2305 1468 = 59,500 * 3000 cal/mole
c _h.ié o
'D | Collapse
5 in Fig 11 A | b.37
‘ 4565 1468
B | k.15 . 60,500 * 4000 cal/mole
2305 1468
¢ | 3.97
D | Collapse




e

-Table_IV.»5
. Group of A _ ' Time . Temp. Aétivaﬁion
Loops X in Sec %K . Enérgy
T in Fig. 9 A | 3.90 .
L 2690 1373
9B 13.83 T - - Eact -
' 3257 . 1k73 759,500 * 2500 cal/mole

10 B | 3.34 |

114

Collapse




Table V.

Temp;

Prismatic slip.
o - Displacement Pejierls Stress
"Diameter of . Along The After Temp.

The Loop . Glide Cylinder Correction_of U
Fig. 24 - : | 8 2
B-C at 1 - 300 A°. 78.5 A° 1250°C - 7.25%10  dynes/cm” (Foreman)

l.leOlO dynes/cm2 (Foreman and Eshelby)

Figs. 2426 S ' - 8 2
at 2 : 506 A° kLo A° 1250°C 1.94x10° dynes/cm”
Figs. 30-31 o .8 2
at 1 Lo A° 180 A° 3.3x10° dynes/cm

1200°C

_Gf(_
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A. Plot of interaction energy (Ein

L6

_ FIGURE CAPTTONS

‘Illustration of the center of grayity:movement_whén_a»vacancy

is formed at the poiht P.
Variatioh of interaction energy with Z for two circular -edge

disidédtion loops, X/r = 2 when they‘ﬁouch_each‘other.

Interaction of a circular edge_dislocaﬁion loop with a infinite

‘straight edge'disloéation (éhdwn schematically).

t) vs'i'(X/ri) for Coplanaf
1’

B. Plpt‘of‘diydEintvﬁsvfffor pairs in Fig. LA.

pairs (?2 =r_ ).

'C. Plot of interaction energy (Eint) vé‘ii(X/rl) for Coplanar

pairs (r2 = r1/2). | |

D. Plot of diydEint'&s i?for pairs in Fig. LC.

E. Plot of interaction energy (Einf) vs'i'(X/rl) for Coplanar
palrs_(r2 = rl/lO).

F. Plot dX/dE, . vs X for pairs in Fig. LE.

[r/in (1.7 ¥/b)] vs r graph for dislocation loops (used in bulk,

diffusion calculations).

6A-— 6B, annealing time 20 mts at 1126°C. At 1 and 3, there is:

‘'self climb of prismatic disslocation loops, b = 1/2[101]: At

2, pipe difosibn along scfew'disldcation of same b-vector as

' the dislocation loop. (b = 1/2[101]).



_h7f 

Fig. '7 ' YA—Y?JB, va,'nn‘eali:ng‘ time 27 min 5 .sec at 1194.5°C. At 1
‘and 2, there is self climb of prismatié édge dislocation
loops, b = 1/21101]. There is opening up of dipoles at-3
aﬁd 4, and the big looé ét SIhas sliﬁpéd'out by prismatic
slip; all have b-vector 1/2I101]. |

Fig. g A =B, 31 min.40 sec at 1194.5°C.

| ‘B —C, 40 min at 119%4.5°C.
C—D, 45 min 5 secs at 1194.5°C.
Self climb at 1, 2 and 3 disiocation loop, (b = 1/2[101.] '
ﬁéar the center of tﬁe foil atvS is shrinking purely_by
: bulk diffusion; loops (b ='1/2_[lOl]) at 6 and T, being
| close to sinks are shrinking rapidly. Dislocétion.loop
vat 8, b= 1/2:[101] has slipped out of the foil.

Fig. 9,10,11 Theée'arevfrom the same area affer different annealing

‘ treatments; |

9A — 9B,k min 50 secs _a‘t_‘,.110°C;.

OB — 104, 20 min k2 secs at 1200°C;

104 — 10B, 33'min 3»5' secs at 1200°C;
- 10B 114, 38 min 45 secs at 1237°C;

114 — 118, 6k min L0 secs at 1200°C;

Self climb at 1, 2, 3, T» &, b, ¢ and & of dislocation loops
: b =1/2 [lQl], frismatic slipxdue to surface inﬁeraction o

- of the foil at 5.and 9 of loops b = 1/2[101]. |
Fig. 12 A= B, L502 secs at 1373°K;

B—C, 3257 secs at 1L73°K;




Fig. 12

Fig. 13

Fig. 14

C—D, 2925 secs

D —E, 3880 secs

E —=F, 2720 secs

'-ha_-

at 15109K;
at 1L473°K;

at 1473°K{

The set of pictures shows self climb at 1, 2, 3 and 6, loops at.

4 and 5 have slipped out of the foil.

A.—*B,'2&38 secs

B ~*C;'2392 secs

C =D, 1570 secs

D —»E, 1202 secs

Eb—*F, 2369 secs

at 1359°K;-
at 1523°K;
at 1523°K;
at 1523°K;

a5 1523°K.

The set of-pictures shows self climb at 1 and 2, also éame>of the

loops have slipped of the foil.

A =B, 4565 secs

B—C, 2305 secs

C — D, 1810 secs

' Shows self climb

Fig. 15

~at 7 (just above

at 1468°K; .

"at 1468°K;

at 1512°K.,

at'l,‘2, 3, b and 5, climb due to bulk diffusion

4). At 6 there is mutual annihilation of

vacancy and.interstitialloops'on glide-éylinders at 90° to

each chér.v

A -+ B, 2115 secs

B f+C,’l23O secs

. Shows self_climb

at 1446.66°K;

‘at 1508°K..

-at 1.
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Fig. 16 A-—oB,.h2 min 5'Secs‘at 1368°C;
| B —C, 45 min 52 secs at 1291°C;
C =D, 150 min 8 secs at 1202°C;
‘b —E, 46 min 10 secs at 1243°C.
Shoﬁs.climb dué fo bulk diffusion at 1, 2, 3 and k4.
Fig. 1T A—3B, k2 min 5 secs at 1368°C; o
B— C, 45 min‘52 sécs at 129l°C;.
C— D, 60 min O secs at 12025C; | |
 D —*E,v9b min 8 secs at 1éoé°c + 46 miﬁ 10 secs at 1243°C.
 ShoWs climb of dislocation.loops,b_= 1/2[101] at 1 and 2?
'ﬁﬁich are ﬁearvfhe center'Of the‘foil, due.to bulk diffusion.
Fig. 18 CA — B, 64 min O secs at 1260°C; |
| .B —;C, 80vmin 0 secs at 1260°C;
C =D, 20 min 10 secs at 1400°C;
' D—E, 20 min 5 seés.atblhOO°C.
‘The .set of pictufes shows climb due to'bﬁlk diffusion
Cat 1 and 2 for loéps b = 1/2[101] which are near the center
of the foil. |
Fig. 19 == A —B, 1i mih 0 secs at 1427°C
"B-—C, 16 min O secs at 1h27°c
>C‘—*D,'2h min 35 secs at 1400°C;
D‘—;E, 9 min 1 sec at 1ﬁooécg
- Shows climb duefto bulk diffusion at 1, 2 and 3.

Fig. 20 o o
A,B,C - r” vs t plots for dislocation loops in Figs. 16-19.



Fig. 21
Fig., 22
Fig. 23"

Fig. 24-28

s

A— B, ko min 5 sécg.at .136'8‘°C; o
 B—C, 45 min 52 secs at 1291°C;
C—D, 150 min 8 secs at 1202°C;
D—E, héjﬁig 10 secs at 1243°C.

' Shows climb due to bulk diffﬁsionvat 1, 2, 3, and 5 for B-MgO.

r° vs tipidtsfor lo6ps in Fig. 21
D vs 1/T‘§1ot for both A-MgO and B-MgO in the temperature range
1080-~1k27°C. '

This set represents the same area at five temperatures.

A= B, 20 min 2 secs at 1250°C;

B — C, 20 min O secs at 1250°C;

¢ —D, 19 min 29 secs at 1250°C;

'D—E, 49 min 15 secs at 1100°C;

E —=F, 45 min 12 secs at 1100°C;

F — G, 4k min 50 secs at 1100°C;

. G—H, 20 min 42 secs at 1200°C;

H—1I, 33 min 35 secs at 1200°C;

. I—J, 38 min 45 secs at 1237°C;

J — K, 64 min 40 secs at 1200°C;.

K =L, 45 min 20 secs at 1200°C.

Prismatic slip'at 1,v2 and 3;'self climb at 4; pipe diffusipn

and glide at 5, 6, T and 9 andfnumerous examples of self

climb and prismatic élip.
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Fig. 29-32 This is = another set at five temperaturés.

Fig. 33

. Fig. 3L

A —B, 45 min 12 secs at 1100°C; .

B — C, Lk min 50 secs at 1100°C;

C —D, 20 min 42 secs at 1200°C;

D —E, 33 min 35 secs at 1200°C;

E—F, 38 min 45 secs at 1237°C;

_Fr—?G, 64 min 4O secs at 1200°C;

G— H, 45 min 20 secs at 1200°C.

- Prismatic slip at 1 and 4, self climb at 2 and numerous ex-

amples of self climb and prismatic slip due to surfaces

of the foil.

Plot of Peierls stress vs diameter of the loop b = 1/2[101].
_The’values of Peiérls:sﬁress have been plotted after temper-

ature correction in’shear-mpdulus of elasticity.

The set of pictures shows the effect of size of the loop on

‘ Peierls stress. Both loops 1 and 2 are near the surface of
the foil but 1 is situated at 220A° below

‘the same b-vector 1/2[101].

A —B, Lk min 50 secs at 1100°C;
B—C, 54 min 17 secs at 1200°C;

C —D, 38 min hS,secs at 1237°C;

' D— E, 64 'min 4O secs at 1200°C.

_Stereo pair of B is also given.



Fig. 35
Fig. 36
Fig. 37
Fig. 38
Fig. 39
Fig. 40

-50-

This "is .'van exa.mple of p_risma‘ticf'élip .o'f'dislocatiqn loops. (at l‘)
of dppbsite b-vectors (one intersti.tiai and ofher vacahcy‘ type) .
A —+E3 26'min 55 secs at 1050°C;

B —»C '3l min 2 secs at 1050°C.

At 1, there is an example 51m11ar to 35

A.—*B,159’mih 31 secs at 1250°C.

Shows prismatic slip at 1 and 2.

.A-¥»B 10 min 0 secs at 1086°cC

B—C, 19 min 5 secs a5 1086°C
Shows dlslocatlon gllde at l, self cllmb at 2 3 and L prlsmatlcp
Sllp due to surface at 5 and 6.

A —+B, 26 min lO secs at.1250§c,
B —¥C, 40 min 2 secs atv1250°Cl.

Shows prismatic slip at 1. Stereb,pair (B) is given.

‘A — B, 19 min 5’secs_atvlo869c;

B —C, 16 min 55 secs at 1086°C;
C —D, 23 min 2 secs at 1086°C

D— E, 40 min 38 secs at 1086°C;

‘Shows annealing of dislocation loops b-= 1/2[101], cut by the
:surface of the foil.

A —B, 19 min 5 secs at 1086°C?

B-—»C 39 min 57 secs at 1086°C

c-—»D ho min 38 secs at 1086°
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Fig. 6 Magnification L8L0OXx.
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Fig. T Magnification L47L00x.
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Fig. 8 Magnification 35600%.
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Fig. 21

35590x



gg '31d
OLb - 1112 18X
(03S) } «—
00002 000G 0000l 000S O
_ _ _ _
12914 ‘2 40O
=TI 0
/ B

12°914°l 40O

8=




~80=

-4
10 l | T
\
\
15 \
10 \\ sl
\
\
‘\ FOR A SAMPLES
\/
\\
P =16
w
(Vp]
N;; \\
A Y
(o) \\
\
%
T‘I()I7__ \ -
FOR B SAMPLES
18
10 —
-19
10 I | | |

0.5 0.6 0.7 0.8 0.9 1.0
— 1000/T (°K)

XBL 7111-4695

Fig. 23



-83—

XBB T112-5T

T




XBB 7112-5788



T112-5790

XBB

26

Fig



Fig. 2T

_86-

XBB‘7112—5789



3

g

XBB T112-5793

28

Fig.



=88<

XBB 7111-5&3&



bt o 4

@
e
[

XBB T1lll-5k425



0=

5hol

XBB T11ll-

3L

Fig.



-

Fig. 32

s
BB T111-5423



D

00.4¥-1112 18X

009

00

€€ 814
(V) 43L3WVIQ 40O
00t 00¢ 00<

OO0l

_ _ _

Ol

Ol

Ol

(ZWO/SHNAG)SSBHLS S1Y313d



Stereo Pair
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Fig. 3k
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Fig. 36
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LEGAL NOTICE

This report was prepared as an account .of work sponsored by the

.United States Government. Neither the United States nor the United

States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes '
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents =
that its use would not infringe privately owned rights. :
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