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Come 7o ¢ -7 CLIMB OF IMPERFECT DISLOCATIONS IN ALUMINUM
B - Nathapet Durai Raghavan.
1';' " ..Inorganic Materials Research Division, Lawrence Radiation Laboratory_f*'f'
N and Department of Mineral Technology, College of Engineering, -
I AR University of California, Berkeley, California '

Climb of imperfect dislocations in gluminum of 99.999 purity has
inti:been studied by transmission electron microscopy. Annealing at differ-
,ﬁfent temperatures of the electron microscope specimens was carried out
..i}li.in a, furnace, the specimen being periodically returned to the electron ‘c

o microscope for observation of selected dislocation loops. Friedel'

. 5; “f:theory ‘of dislocation climb has been applied to the climb of imperfect
é fﬁ "'loops to explain the observed rates of decrease in loop diameter with
: }i; 5 ";f.annealing time.at various temperatures. ThevexperimentS'give 130 ergs/cm?”ﬁ
'ﬁfi{ifikiit;.;'f as the stacking faultienergy of aluminum. .- | | [
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. L. INTRODUCTION

When a metal is quenched from a high temperature, a large super-
saturation of'vacancies is frozen in. Thué, wﬁen pure aluminum is
quenched from 600 to 0°C, a supersaturation of the order of lo'h is
obtained. It is now well established that, 6n aging, these vacancies
cluster in a way that eventually leads to the formation of dislocation
.floops.; Observations in quenched and aged pure fcc materials by
‘transmission electron microscopy have led to the identification of three
types of defect structures. .

1. Imperfect dislocation loops with Burger's vectors % <111>
,.that surround an area éf intrinsic stacking fault on the {111} planes:
»Though the mechanism of loop formation is not yet clearly understood
1t is believed that vecancy discs on (111} planes collapse tcfform thisv,
| type of dislocation loop.‘ These loops have been observed in high
purity aluminume-h_and in alloys.5’6
2; Stacking fault tetrahedra with stair-rod dislocations at each
 edge: These have been observed in metais of low stacking fault energy.
Hirsch and Silcox7 first reporped tyls type of defect in quenched gold.

3« Perfect prismatic loops: 1In metals of high stackiné fault
enefgy like aluminum, an iﬁperfect loop may be converted to a perfect
~ loop of Burger's vector % <110> by a shear of 1/6 <121> in the plane
of the fault. The type of defect wasqfirat predicted by Kuhlman-
W’ilsdorf8 and subsequently observed by Hirsch et al.9

The relative energies of the three types of defects that could be

formed from a given number of vacancies can be estimated if the stacking



.,ZHLtetrahedron and a triangular perfect ioop, respectively, each having

: radius of curvature. . In tﬁis way, Silcox and Whelen

PR

PR climb due to Friedellu and obtained a value of 1.3 eV for the activation. .

R

R S g
‘fault energy of the metal is known.  .They are,givenlepproximately by:‘ P

. ? . ."..’" - . EP - Ta. l-o‘) n a ’ ' e - '.." N .-II'.'J

P

. -.slde £, G the shear modulus, a the unit cell dimension, r, the disloca-zalQV

Y

It follows then that the perfect loop always has the lowest energy ebove

LIS

;' an upper critical size, and the tetrahedron is always favored below a 4

iuioyer critical size.ll"12

.loop is stable.

‘In the absence of a vacancy supersaturation, all of these defects' . -

become unstable. When the temperature is raised to a range that permits
: formation and migration of vacancies, they tend to shrink in size by

loss of vacancies to surfaces or to other dislocations having larger

13

found that perfect . -

‘e

Qf,,interpreted their results in terms of the jog theorylof dislocation

'u'v ._'

_energy for self-diffusion in aluminum, which was in good agreement with

previous data. ' . - v

:. < Byt ToR(Iee) BT f 55‘51j'$3.{f R j.ifj"iuhf:i;gff

tion core radius, o Poisson's ratio and vy the stacking rault energy. . ~'“°

170°C and that the rate of shrinkage increases with temperature, They hff

ro .
Between these two values of £ the imperfect , . .

prismatic loops begin to shrink in aluminum when the tempersgture is about—'

'ilwhere E;, Ep and E; are the energies of a triangular imperfect locp,_a.ﬂﬁff;-

. GaQ.Z J/ \[3! Y."\_: e, ", .:’ :\\'. A
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: :limits of the stacking fault energy of aluminum as 350 ergs/cm? and

d‘;ilhO ergs/cm?, respectively. Saada

Yoshida et al.u studied the effect of annealing on stacking fault

;1oops by bulk annealing zone refined qnenched aluminum specimens at
. X various temperatures. . They: found that the - loops shrink without loss of f;f'
';7, _the stacking fault even though they are well above the size at which

,atransformation to a perfect loop decreases the loop energy.

For imperfect loops the driving force for shrinkage comes not only"'

‘éfrom line tension of the dislocation; but also from the stacking faulttﬂh
: ':f}:ﬁFor'large loops the latter is by far the more inportant. Therefora a i
-§Tmeasurement of the tempersature dependence of the shrinkage rate for -‘,l""'“':
-3%;1arge imperfect loops can give a measure of stacking fault energy M
’ ‘The accurate determination of the stacking fault energy of" aluminum“'f5-i

' has been difficult by other methods because of its large value., Theoret-:tﬁ”
f'iﬂ;ical calculations by Saada;ll based on‘the relative energiesﬁof an |
;f:imperfect loop and a perfect loop and the difficulty of nucleating a

,:shockley partial in an imperfect loop, have given the upper and lower 37Lf??iyi

15

'*‘;:the general methods of measurement of stacking fault energy.- Briefl&,5

I:the following have been the important approaches.

1. It is assumed that the stacking fault energy equals twice the -

-Q~tW1n ‘boundary energy Ypg. Yqp can be determlned by measuring the stress T

L?f‘necessary to create a twin and relating it to a general theory of twinninngZf.Q

“'V;Hor more directly by measuring the dihedral angle at the intersection of

i{f 8 twin and a free surface or a grain boundary. Using the latter method

Fullman 7 found YTB ‘for eluninun £6 be 100 ergs/cu®. However, it appears 5;f<

that the simple assumption that the stacking fault energy equals QYTB

and Thornton et al.16 have reviewed;t“;j3'ﬁ



P

'Lﬂ .fault energies determined'by Seeger's analysis do not agree with valuesf.ffj“

‘2, A direct method of determining the stacking fault energy 18

'., ' t0 measure the width of the stacking fault ribbon.between the partialsc; S

of a split dislocation. This is, however, possible only for crystals

oA

Ea

1'.determined from electron microscope observations od'dissociated nodes™

ﬂ'the applicability of the method.

' ‘with y less than 5 efgs/cm? becauee, otherwise, the partials are too

LIRS

:;Eclose together to be resolved in the electron microscope.

Ty 3. Another direct method consists of measuring the radii of curva~

1Y

‘ture of extended nodes.18’ 19 Unfortunately, the method is limited to

solids with y/Gb S 2 x 1073, This limitation excludes most of the

"nominally pure fecc metals.

[¢

L. An indirect method of comparing stacking fault energies of

different metals has been prcposed_by Seeger.20 The thermally actinated

'process of cross slip occurring at the onset of stage III of Awork harden=. - S
' 1ng in crystals of fcc materials involves the formation of constrictionsA

"in the dislocation ribbons and, therefore, depends on the stacking fault - _f

energy of the metal. In Seeger's model for cross slip the leading

"_; dislocation in a piled-up group is constricted along a critical length

""" pefore transferring to the cross slip blane. This analysis of TIII

N

" .energy to be calculated. Unfortunately, in many cases the stackingﬁ

) 16

The purpose of these experiments was therefore twofold° (a) to

sifgstudy the climb of the imperfect loops by transmisaion electron micros-

e ; . Lo o ,* ; L R TP :
o -mey not be valid. o L Lo ' . ,ﬁ L

~ 42
.

+ "(the stress at the onset of stage III) éhould enable the stacking fault - f”

~  and the nature of disagreement is such as to throw serious doubt on jﬁ'”j-
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. copy, and (b) to try:fo meke a better estimafeuof the stacking fault

. energy of aluminum. - ?‘i L C
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" furnace and then qpenched'into oil at room temperature. The low ° "

.

I‘ .v‘ 0-6-'

- II. EXPERIMENTAL PROCEDURES . ‘,:' o

. l‘: Specimen Preparation.

Polycrystalline aluminum of purity 99. 999% was rolled into thin

- sheets of 25u thickness. Specimens 1" ‘square were cut off the strip B

- and annealed at 645°C in air for ok hours. This treatment gives a

hlghly preferred [lOO] orientation with a large grain size (~ 0.8 mm)

" and a low dlslocation density. .

2. Quenching.

The specimen was kept at 540°C for one hour in the quenching

. quenching temperature and the relatively low quenching rate21 both tend

-to give large loops. The specimen was then aged at room temperature

to allow the vacancies to diffuse through the lattice and clusgter to

form loops.

* 3. Preparation of Thin Foils,

Quenched and aged specimens were electro-polished at -lO to -20°C
using an electrolyte of-the following composition
Perchloric Acid (70%) - 110 ce
Ethyl Alcohol (95%) = - 480 ce

A stainless steel container served as the cathode. The operating

'.. voltage was 15-25 volts and the current density 0.15 - 0.2 amp/cm?.
”f‘_A modified window technique was employed to produce thin foils. "Near. ..

_the end of the thinning process, the current'was alternately switched

" on and off causing smsll flakes suitable for transmission microscopy to

o separate from the thin edges and fall to the bottom of the beaker. The

flskes were copiously washed~with lOO% alcohol to get a clean surface,




’ :free'from any contamination.
4, Microscopy. .

A Siemens Elmiskop I electron mié;oscope operatedlat 100 KV was
‘used to examine the specimens, The epecimens were mounted between two
>'75 mesh copper grids. The condenser asperture used for L4OOy in diameter
?Aand the effective beam current less than 5uA. |
Shrinkage of dislocationlloops can be made to take place while
"under observation in the microscope by utilizing a heating stage; )
 'However, there are some disadvantages if quantitative resuits are
‘desired. One of these is the‘lack of precision in knowing.thé témpera-

" ture of the specimen; iS°C; is probably the best that can be expected
Qith currently available stages. Further, there is often & movement .
.‘of the specimen accompanying a change in temperature which changes the
11t end, therefore, the diffraction contrast conditions. Another
disadvantaée is that a series of piétures can be taken at only one area.i

Because of these considerations it was deéided to anneal the
specimens externslly in a furnacef. The following procedure was adopted. -
'”(a) Sevéral reéions ﬁere photographed in which large stacking |
‘faulf loops, well separated from theif neighbors, were present.'

(b) The specimen holder was removed from the ﬁicroscope and the
'sﬁecimep.hoider cap, which contains the specimen sandwiched between
.twp'grids, was carefully unscrewed from -the body‘of the holder and
- threédedioﬁto aﬁsérew which was attached fo the end of a long wire._“

(c)‘ This4was'introdﬁced into & tube furnace. Argon was passed

, thfough‘the tube at a flow rate Just sufficient to maintain a

4 slfghtlyjpositivé pressure. The tempergturé'during the‘annealing'
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period was measured to an accuracy of ¢l°C. x.,_\ S

,‘.(d) After annealing for the desired period, the cap was withdrawn ‘

to the top of the tube where 1t-wvas cooled 'to room temperature in

the argon atmosphere. o .

(e)' Then the cap was again fitted to the body of the electron

-r .microscope specimen holder and returned .to the pdcroscope for a
' second observation of the same areas. During these observations
"f'any shift of the specimen relative to the grids made location of

"“the same areas difficult, if not impossible, when the specimen wasl_{,

returned to the microscope for the next series of pictures. .

"(f) Annealing times were increased by repeating the above pro-

cedure as many as flve or six times.

A great advantage in this method is the minimization ofasthe effects -

due to heating by the electron beam. The temperature the specimen

attains in the microscope is dependent upon four factors, viz., (1)

'.operating voltage, (2) thickness of the foil, (3) beam diasmeter and

". (4) the beam current. Simple considerations show that the higher the
" voltage and the smaller the other three factors, the lower the equilib~'i}u
N:rium temperature of the specimen will be. For the conditions maintained: ;‘“
* " in the present experiments (Kv =100, foil thickness ~ 25004, beam oo
‘ﬂi}ldiameter - 54 and beam current < 5uA), 1t was probably less than 50°C, o

T a temperature at which diffusion is insignificant.

Great care was exercised at each stage s0 as not to deform the

- :specimen and thus destroy the stacking faults in imperfect loops. e
. When stacking fault loops were converted to perfect loops by stress

'l aided nucieat;on of a Shockley partial loop in ‘the stacking fault, they



‘ measurements during a particular annealing sequence.

: ushally moved'along their glide:cylinqers to one of the foil surfacee ,

'

. and thus were lost.

5. Measurement of Loop Size.

., Since the foil orientation was invariably [lOO] and since the

loops lie on (111} planes inclined at an angle of Sk 4Lt to the plane

‘:;of the foil, the longest dlagonal of the loop was taken as a measure
'jfxof the loop size. Because fhis diameter.lies perellei to the surface
-:‘of the foil;'slight differences of ti}t-of-the specimen felative to
. the electron beam frem one observation to the next doinot cause signifi- -

7. cant errors.'_However, since the image size depends on é.ﬁ.s.,“aS»farﬂ

_ as possible, care was taken to keep g.8 of constant sign for'all ;
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. iII. RESULTS AND INTERPRETATION

.: The résulté are shown in Figu;és 1-5. Each of these figureé shpw_
sequences of micrographs taken at successively increasing annealing times
at a fixed annealing temperature. Annealing temperatures of 158°C,
 168°C, 175°C, 185°C and 190°C, are represenﬁed by the five figures.

”The resulté clearly show that Frank-sessile loops on annea}ing in the

‘température range 150-200°C frequently shrink without loss of the
:».stacking fault. Those loops that did transform to perfect %<llO> loops
i rprbbably nucieated %<112> loops in the stacking fault during handling.
.Large‘bending stresses coﬁld haVe been produced in the thin foil
:specimenbduring remoVél of the specimen cap from and its return to the
specimen holder. The lowest temperature gt which imperfect loopsvwere
obser%ed to shrink at a noticeable rate was ~158°C (Fig. 1), 4n
contrast to ~170°C, as reported by Whelanl3 for perfect prismatic loops.
V;The rate of shrinkage increased rapidly with increasing temperature.
‘For example, the sequences of micrographs in fig. 2.4 show that the
rates of decrease of radii of loops of about'700§ initial radii were about
‘ .$2§1:;5253iénd,lﬁ.perfséc.,, at 168°C, 175°C and 185°C, respectively.
In geheral, loops which were originally.ﬁexagonal became rounder (loop
1, Fig. 1), or irregular in shape (loop 1, Fig. 8), as annealing time
.increased. Also, all loops both large and small shrgnk in thin foils
.which indicates that the foil surfaces were the only important sinks
-for vacéncies; The rate at which imperfect loops decreased in size
was‘almqst independent of loop diameter above about .05u in diameter,

but increased with decreasing loop size for smaller loops. The loop
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-i.diameters for five<of the loops in Fig.'S have been plotted as a
| fenction of time at 190°C in Fig..6.
The observetions suggest that'tﬁevloops were acting as vacancy
sources. An imperfect loop en the (1;1) plane is a pure edge disloce-
-.tion. Its extra half plane of atoms lies outside -the loop. Therefore,
. formation of vecaecies at the dislocation causes climb toward the loop
"acenter. Friedellh'has coneidered the climb of dislocations due to
vacancy diffusion in terms of the.movement of jugs along the disloca-
" tion line. The theory gives %he following expression for the velocity -

_of a Jog,.vJ, along a dislocation line:

: " Zv_ b - 2
vy = T ©XP (=% * Un)} lexp TP - exp Fs° ] - (1)
—wr i T g

where Z ~ 11 (£he atomic coordination number of a jog site eﬂ the edge

of the*exfra haif plane of an edge}dislocation, Ve is an atomic fre:' .

quency,(of the order of 1013/sec.); ¥ is the angle between the Burger'sf

ivectof b and'the‘dislocation line, Uf is fhe‘energy of formation of a

jvacancy, U is the activation energy for the migration of a vacancy,

U = U 4+ U is the activation energy for self -diffusion, and F and F

"_are forces per unit length acting on the dislocation line tending to

- make it climb. Fc<is the force due to an applied stress? the stress:
.'field of another dislocation or the stacking fault enclosea~by the loop. .

e_~Fs is the che?ical stress due to any deviation of the concentration of vac-
" anciés. from the eQuilibrium value at temperature T.

| This expression can now be applied to a }<1ll> imperfect loop.

. 3
"Consider a hexagonal loop lying on the (lll) plane with e Burger's

Sy =

o

P ——
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vector % [111]. For shrinkagelbf such ‘a loop it is not necessary to SRS

-urations do become important in thick specimens

. . thickness apart from the surrounding loops wére used for the calcula-

tions. A good estimate of foil thickness was made by means of slip AR

P

nucleate new jogs. Jog sites are already present at each of the corners . N'-

even 1f all the six sides are atomically straight. The formation of each E

L3

. L %
vacancy at the dislocation loop results in the elimination of the stacking

' fault in an area = be; Therefore, the stacking fault exerts a climb

force per unit length equal to'r in magnitude.

Besides the stacking fault the line tension due to the curvature of

the dislocation also acts to cause climb and hence, will contribute to

, the magnitude of Fc; For circular loop we can employ the following

approximate expression for this force fc due to line tension:22’23'
_.Gb 2 (*/v) SR
f = (2)
¢ L4x(l-o) (" /o) . ;

vhere the radius of the core has been taken as b and the corefenergy

neglected.
It is assumed that the vacancies are removed fast enough at the

surfaces so that no significant supersaturation exists in the'neighbor--'. .

. hood of the loops. Therefore, Fs can be taken as zero. Such supersat- :

13

or in the presence of

.'-,: large amounts of iﬁpurities;eh large loobs then grow at.the expense of
~ smaller ones. . As an additional precaution against possible errors due

i :,_to.sﬁpersaturation effects, only loops that were at least one foil : R

_traces that'codld be made to appear at the end of a series of observa-' “,

© -tions by prolonged exposure of the area to the electron beam. -

P . . ) . ' N
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The average rate of climb of the dislocation is givgn by

v gin. ¢’ ‘ ' (3)

BRI
. where cJ'is the concentfatiop of Jogs.oﬁ the liﬁé. c'j will be of the

_ order of %'if thé loop 1s perfectly circular and can be almost zero if
it is perfectly hexagonal. ‘It is assumed that a value of % holds for
v'all segments of the loop. For a pure edge dislocation sin ¢ = 1.

Assuming that FS‘= 0, the rate of shrinkage will therefore be given by

: 2
: _ "(U +.U_) (Y + f ) b -1
%% = 3 v =32 v, b exp { -—z—iifg—} lexp ~———ET£—-~ 1 (W)

Of the.two forces, namely, that due to the stacking fault within the

.loop and that due to the line tension (becausé of the curvature of thé',
line), the effect of ﬁhe former is independent‘of the size of the loop.
The line tensioﬁ term is, however, decisively affected by the’radius
.and shape of the loop. It'becomes significant during the initial stage
when the ioop is changing from a hexagonal shape to a circular one and
‘at the very end ﬁhén the loop has shrunk éo 8 small size.. In between
"its effect is pfactical}y negligible. For instance, assuming YAl to he
150 ergs/cm2 and‘the initial loop size 10008 in diameter, we find that
V:the linejﬁension contribution is 0.1 v o¥ greater only during the shrink-
L age‘of approximately the first 2bOR and last 608 of the diameter. A rate
"cur§§ of the shape indicatéd in Fig. T is tﬁen predicted. |

The exper%mental results of Fig. 6 show, in excellent agreement.

:‘ . with this, that a rapid initial shrinkage of the long diagonal folldwed 1,

by a linear decrease in diameter with annealing time occurs. In those

. i}”. cases where shrinkage was followed to very small diameters (less than



' “= ,was negligible and, hence, the rate of shrinkage almost 1ndependent ‘of

. aluminum,

=1k

e

about OSﬁ), acéeleration of the shrinkage rate was observed.: ?he~

stralght line regions of the curves where the effect of line ten51on

loop size were used for calculation of the stacking fault energy. For

" .these regions Eq. (4) reduces to

-(u, + U ) 2 S
gi % Z v b exp { “—iif—-— } [ exp x;h_ -1 ] {' (5)

Equation (5) suggests three methods for the determination of stack-

'ing fault energy. One is the direct substitution of the rate of shrink-

: age in Eq. (5) to calculate Y. This method is'critiéally dependent on

the accurate knowledge of the activation energy for self-diffusion. A '

" variation of 0.1 eV from 1.3 to 1.4 leads to a change in calculated

] stacking fault energy of frpm‘w 130 ergs/cm2 to ~ . 350 ergs/cmz. Table

) S o .
I summarizes the results so obtained for three different temperatures.

"A value of 1.32 eV has been assumed for the energy of formation and
migration of a vacahcy. This is en average velue from previous experi—v' .

'mental'determinations of the activation enérgy for self-diffusion in

25,26'

The second method is & direct comparison'of the rates of shrinkage:

of 1mperfect loops, of approx1mately the same 51ze, at two different

=

" tgmperatures. This method requires extremely accurate tempgrgture
. measurement during annealing, as well as exaqt‘knowledge of the activa-'
‘tion ene?gy for.éélf-diffusion. An error of'lOC gives rise to & (corres-
""ponding errof.of 50 to 100% in the calculated.stacking fault energy.
' The stacking Fault energies obtained by this méthod were very much
i:scattered and henée are not ﬁeing réported. Because annealipg temp;.

- ‘eratures were only controlled to % 1°¢ in the available annealing

-
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. fﬁrnace such & large scatter is to be eipected.

Finally, the stacking fault énergy cén be determined by comﬁaring
the shrinkage rates of an imperfect lbo§ and a perfect one at the same .-
7.'teﬁperature. This has the advantage of fequiring neither an accurate
knowledge of Uf énd Um, nor extremely‘acpﬁratg annealing temperature

.'measurement and control. Unfortunately, not many perfect loops were
;";found for stﬁdy. ‘The results that were dbtained from a few loops are
*  presented in Table II; |

The values obtained frdm methods 1 and 3 are seen to be in good

agreemeﬁt with the lower limit for the stacking fault energy of alumi-
num as estimated by Saada.lo I£ is, however, éossible that the values
are on the lower side of the aqtual value, Other factors that coula
cauée the slowing down of the rate of ;hrinkage of a loop may lead to
an‘underestimate_bf the stacking fault enefgy.- The most impor}ant
.possibility is probaﬁly the trapping of impurity atoms along the disloca-
tion line. The tendency for impurity atoms to migrate to cdres of dis-
locat%ons.and stacking faults is well recognized. The effect of the
presencé of an impurity atom is to'make the formation of vacancies’
more difficult at corners of ﬁexagonal'léops and also gt'ordinary Jjog
sites. The écﬁivation energy for self—diffusiop terms then involves
-three energies,,vii(, Uf, Um and B where Uf is the energy of formation
of a ve.cancy,'Um the energy of-migration of a vacancy and B the binding
venerg& of‘g vacancy to the‘impurity atom. Such a poisoning of Jogs was
first ‘proposed by Friedel.>!

The behavior of loop 1 in_Eig. 8 is probably the manifestation;of
this type of impurit& effect. Figufg 9 is a magnified schematic draw-

ing of this loop in a sequence of increasing annealing times. In (a)

p— -
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. and (b) the loop has started shrinking by the climb of the edge AB;
‘. shginkage elsevhere is small.' After 8 ﬁinﬁtes of annealing time over-
7.511 shrinkage.has begunlto'occur. Thi§ could be'due to locking of pérts
of the loop byiimpurity atoms. More gxéerimehts on zone refined alﬁmi;
“.nUm are_necessary to espablish whether or not the irregulaflshapes

. sometimes assumed by shrinking loops were due to impurity poisoning'of Jogs.
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IV. CONCLUSIONS

| l."iDirectvevidence.for thé‘climb éf imperfect dislocatioﬁs has been

obtained. |

2. Friedel's thebry‘of dislocation climblﬁy motion of Jogs haé béen*

develbped to give an expression for the climb rate of imperfect loops
.‘and thé observed shrinkage has been shown to be in agreement with .
cheory: 'liﬂe tensio; affects rate significantly only éuring the initigi
'period when the shape is changed from hexagonal to circular and duriné e
L4thehfinal period when loop size is smallgr than about 0.0§u. During
‘the intermediate period shrinkage rate is préctically independent of

't.the loop size. | | - '

3. The‘climb rate expression was used to calculate‘the‘stackipg féﬁlt‘ '
"enefgy of aluminum and a value of ~ 130 ergs/cm2 obtained using two
.different methods.A It is suggesfed that this may be an underestimate
‘of the actual value Because'there were some indications that impurities;
may'hgve been present in éuffigient concentiation to influence the’

 results. o R Co




-18-.. .

ACKNOWLEDGMENTS o SRS

‘The author expresses his deep g,ratitude‘ to Professor Jack Washburn
- for his continued interest and encoﬁragement and to Professor Gareth - | S
Thomas for his valuable suggestions. This work was supported under -

the auspices of the U.S. Atomic Energy Commission through the Inorganic

Materials Research Division of the Lawrence Radiation Laboratory.

Mt e e vy oy o =

BT UL § vt e ) e mtam  Ar—n - o .

ey




s
R
¥
-2

et

10.

11,
12,
913.;
1L,

sy

G, Saada J. Phys. Soc., Japan 18 (I1II), M1 (1963)

Ll

=19~

| REFERENCES

o ZK. Chlk A. Seeger and M. Ruhle Proc. Sth Int Congress on Electron
. Mlcroscopx Academlc Press (1962) p. J-11.
~ R.M.J. Cotterill and R.L. Segall, Phil._Mag., s, 24 (1960).

" 'J.L. Strudel and J. Washburn, Phil. Mag., 9, 491 (196k4).

S. Yoshida,'M. Kiritani and Y. Shimomura, J. Phys. Soc. Japan, 18,

U175 (1963).

'.R B. Nicholson, Report of Int. Conference on Structure and Proper-

'5:vt1es of Thin Fllms at Bolton Landing, New York (1959), p. 193.

K.H. Westmacott, R.S. ‘Barnes, D. Hull and R.E. Smallman, Phil. Mag.,}'.~

6 829 (1961)

.3, lesch and J. Silcox, Phll Mag., 4, T2 (1959). .
..D. Kuhlman~W1lsdorf Phil. Mag., 3, 125 (1958) )
_P .B. lesch J. Silcox, R.E. Smallman, and K.H. Westmacoﬁ% Phil. .:
Mag., 3, 897 (1958). o
: G. Thomas end J. Washburn, Rev. Mod. Phys » 35, 992 (1963) See - |

: also Lawrence Radlatlon Laboratory Report No. 1067k,

'TG.~Czjzek A. Seeger and S. Mader, Phys. Stat. Sol., 2, 558 (1962)

7. Silcox and M.J. Whelan Phil. Mag., 5, 1 (1960)

J.VFrledel, Dislocatlons, Addlson—Weley Publlshlng Co. (1963).

. G. Saada, Stacking_Faults.in Crystals, draft for a course at the .

‘1'Prague‘Conférence Summer School (l96k);u

16,

ot

iR L. Fullman 3. Appl Phys., 22, 448 (1951)

P.R. Thornton, T.E. Mitchell and P.B.  Hirsch, Phil. Mag., 7, 1389 -

’f(1962)



20~ ..o
- 18. M.J. Whelan, Proc. Roy. Soc., A 249, 114 (1958).
19." A. Howie and B.R. Swann, Phil. Mag., T, 63 (1961). =
20. A. Seeger, R. Berner, and H. wdlf, z. Phys.,'155, 247 (1959)
21, G. Das and J. Washburn, "Defects Formed from Excess'Vacanciés.in‘ N

Aluminum", Phil. Mag., in press.

22. F.C. Frank, Plastic Deformation of Crystalline Solids, ONR (1958),
. p. 89.. : ‘ | |

""23.. H. Frenz and E. Kréner,.Z.‘-Metva.llkde',' L6, 639 (1953).

| 24, A. Eikum and G..Thozﬁas, J. Phys. Soc., ;J'apa.r‘l,.l_{i_ (III), 98 (19635( )
. 25. T.‘Fedefighi;APhil. Mag., 4, 502 (1959). -

26." W'.Y_Desovr'bo and D. Turnbull, Acta Met., T, 83 (1959,). .

27.; J. Friedel, Dislééations_and Mechanical Properties of Crystals, .

Leke Placid Conference (1956), John Wiley & Sons (1957), p. 346. -

) . .o
. * i .
R N - . )
. B - o N
. . - :
. - > . . " o
sy - .
. S o~ A e :
. . R
. R PR f - @
. . . .
R
b PR -
. K : R
. N N
.
e e e i e e o s e e o B . S

-




~21- " 7

FIGURE CAPTIONS

Figures 1-5 and 8 show sequences of same area ((a) in all cases) annealed

at various temperatures for increasing times.

Fig.

. Fig.
: : Figo

Fig .

Fig.

 Fig.

Fig. '

' Fig.

Fig.

Annealing Temperature 158°C. (b) L min., and (c) 8 min.

Annealing Temperature 168°c. (b) 4 min. (c) 8 min., and

(a) 12.min.

Annesling Temperature 175°C. (b) U min. (c¢) 8 min. (a) 12

min., and (e) 16 min.

‘Annealing Temperature 185°C. (b) 3 min., and (c) 6 min.

Annealing Temperature ~ 190°%¢. (b) b min. (¢) 8 min. (d) 12

min., and (e) 16 min.

'Rate of Shrinkage Curves for Some of the Loops ovaig. 5.

Predicted Rate Curve.for aﬂ Imperfect Loop. -~ - ,

.. Annealing Temperature ~ l90°C. Note the Irregular Shrinkage

of Loop 1.

Schematic Drawing of Loop 1 of Fig. 8 in (c)'Sequenée of In-

creasing Annealing Times.

Arqus'in Fig. 1 - 5 and 8 point at the same group of loops.
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. TABLE T |
R A LI ' U U
. Rate of Shrinkage - &P - fk; z Y 2
Temperature Afsec. ot . 1016 ergs/cm
in °K Averaged { Highest Observed i ii
b1 | 0.32 0.53 - 8.17T 93 | 126
448 . 0.525 0.8 14,09 ® | 122
458. | 1. 1.43 g - 29.7 87 | 135
. TABIE IT e
- : 'Rate;of Shrinkage
- Temperature A/ sec. T 5
in °K Imperfect Loop Perfect Loop* ergs/cm
148 810 0.07 (~12504) 135
, 58 1.b .12 (~12508) 122
1458 1.h .3 (~ LOOA) 1130

: %Size of the perfect loop in consideration is given within

 parantheses.
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Fig. 3
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Fig. 7
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